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| INTRODUCTION: |
| In lotic systerns,‘ the countervailing affect between rates of al’gal production and loss ; '
‘ ultimate’ly determine the persistence kof benthic communities (Peterson ‘1 986; Stewart 1 987' k
| | Peterson and Boulton 1999) The structure and funct1on of these commumtres are regulated by
\, the 1nteract10n of d1fferent abrotrc and blotrc factors: growth rates are typlcally 1nﬂuenced by a
'comblnatlon of temperature llght and nutrrents (Cuker 1983 Mulholland etal 1991, Hogg and
| Wllhams 1996, Falkowskl and Raven 1997 Shaver et al 1997) whereas loss rates are often
—affected by, herbrvory, pathogens and hydrolog1cal drsturbance (Cuker 1983; Stewart 1987 Bhnn '
\ \et al. 1995). In regulated r1vers, ﬂow vanatron on a dally, weekly or seasonal« basis i 1ncreases the .
totalwetted area available forphytobenthic productionb(Blinn ’e’t‘ al.k 1995‘).‘ The‘ areal er(tent of
\ benthlc product1on is prlmarlly determined by ﬂow regulatlon (Bhnn et al 1995 Stevens ot al
1997, Bhnn et al 1998) an increase in wetted channel can be substantlal at hrgher drscharges
(Bhnn et al. 1995) A number of 1nvest1gators have evaluated the affects of desrccatlon (Usher

! and Bhnn 1990 Bhnn et al 1995) and phytobenthlc response to long-term atmospherrc '

~exposure, results have demonstrated how temporary reductlon in total wetted area, negatlvely AR

effects the phytobenthos (Peterson 1986 Angrad1 and Kubly 1993 Bhnn et al. 1995 Shaver et

. R al 1997; Benenatl et al 1998). Whlle consrderable 1nformat1on has been complled regardmg | o

~ benthic community response to ﬂuctuatmg flow patterns, httle understandmg exists on how the
kbenthos might “respond to stable ﬂow conditions (Benenati et"akl;i1998). | | |

ThlS study was conducted in the Colorado River, a system that is brologrcally regulated

‘by cold clear hypohmneuc release (9 +2° C) pattems This system supports a phytpbenthlc s

. commumtynof s1zeab‘le standmg biomass; yet reduced benthlc drverslty (Stevens et al. 1997),



Flows temporarily inundate hard substrata, where variation in river stage result from diel,
seasonal and annual changes in hydroelectrlc generatlon unregulated 1nﬂow and reservolr level
: (Stevens et al 1997 Shannon et al. 1996). The conditions present in thls desert blome are -
further exacerbated by the canyon morphology Where certain physlcal processesi lead toelther
rapid or delayed/loss of exposed or submerged benthOS.‘v Substrate scouring or deSiccation occurs )
throughkperiodic or prolong'ed exposurelto,seasonal variation in shoreline temperature{/ (0° to
-4y C) winds, and sedlment deposrtlon (Shaver etal 1997 Parnell and Bennett 1999) and

: abraswn (WllSOIl et al. 1999). | “

Perrod1c 1nundat1on of the channel has been presumed to be temporarlly beneficial to the

~ phytobenthic commumty due to the expansion the wetted-area (BOR 1995) yet the validity of

this hypothes1s is contmgent on whether or not newly wetted substrates are colomzed at sufﬁ01ent
rates upon 1nundat10n ‘Three possible colomzatron mechanisms account for the estabhshment
~ and growth'of the phytobenthos, they are fragmentatlon, sporogene31s (zoospore‘and'aklnetes), u
and residual holdfast structures. In the Colorado R,iver,, fragmentation has been considered th¢ "
| most ;common mode of colonization throughsurface adhesion by« la.rge single or, multi-branched
' thallus (>3 mm) carrled in the drift (Bhnn and Cole 1991; Shannon et al. 1996 Benenat1 et al.
‘1998) Alternately, zoospores and aklnetes colomze the leadmg substrate edge formrng dense
small mlcro filamentous strands. Yet, 1t has rarely been observed in thls system (Benenat1 etal.
1998 Shaver et al 1997) and presumed to be l1m1ted by env1ronmental factors prlmarlly .
temperature (Belhs and McLarty 1967 Belhs 1968 Lester et al. 1988) Lastly, under certam |
3 envrronmental conditions, resrdual algal holdfast structures are known to regenerate rapldly after ;

‘ ecologlcal disturbance (e.g.,’ lrght limitations, sediment sc’ourlng,and de‘swcatlon) and are



: thought to be respon31ble for the rapld in-stream response after hydrologlcal dlsturbance (Blmn et :
al. 1995; Benenat1 et al. 1998; Wilson ef al. 1999).
| Numerous studies have 1ncreased our ecological underStanding"of /benthic respOnse
recovery and recolonlzatlon relatlve to variable ﬂow reglmes (Usher and Bhnn 1990; Hardwrck
etal 1992 Angrad1 and Kubly 1993 Shannon etal. 1994 Shannon et al. 1996 Blinn ot al
, 1995 Shaver et al 1997 Stevens et al 1997) As a result of these studles it has been
hypothe51zed that steady flows would have an affect of i mcreasmg alga.l biomass i in the vanal- -
o zone (Benenat1 etal. 1998) However l1ttle 1nformatlon regardmg actual ﬂow stabihzation for |
| large regulatedvrlvers exists to vahdate this ecosystem response. Also, these past studles have_ not :
addressed the,affects iof stabilized inundation after substrate‘scour‘ing, nor possible’ inter\:actioné
: that mrght inﬂuence colonization rates due to the benthic community respo’nseunder stable
L | | To date ’very few large ':ecosyStem-scale e)rperiments have been conducted 1n lotic"
systems (Hogg and W1111ams 1996 Blinn et al 1999 Pamell and Bennett 1999) The relevance
o of these large scale experiments are contingent on how well natural conditions 1nc1dental to
- :ma'nipulated ﬂows are maintained or exist during the experimental periOd (Hill and Knight
1987) An experlmental hydrograph was developed for Glen Canyon Dam to 51mulate certain |
- ﬂow charactenstlcs and temporal pattems that corresponded to the Colorado River s natural
khydrograph (Ralston et al. 2000 Valdez etal 2000) The primary objective of this ecosystem- , =
scale experiment was to test a series of nested hypotheses that lovv steady ﬂow conditionsat a
CQnstant 227 m* s would provide lo\v-ve,locity habitat and near shoreline warmin g for youngtof_\

 year native fish (Valdez et al. 2000). Secondary hypotheses were developed to test ‘abiotic,and :



blotlc responses to these stable flow condltlons This partlcular study has taken the opportunlty
afforded by steady ﬂow conditions to address the underlymg mechamsms of colomzatlon

| We report here detalled analysis on substrate colonizatlon respOnse of the phytobenthosl .
,and macroinvertebrates toa Steady flow experiment; kW‘e examined‘yariations in density and
: biornass ac‘cretion rates under the premise that rates should relate closely to coloniZation modes.
In partlcular we used expenmental treatments to evaluate hypotheses that the degree of substrate
”cond1t1on1ng and atmospherlc exposure to deswcatlon influenced the mode of colomzatlon :
‘ developmental rates of benthlc con1pos1tlon, densnykand blornaSS. Qurﬂdata suggested that
grazing pressurernay have differentialaffects on colonization"modes, benthic‘ cobble structure i
and compoSition, and on rates of nlacroinvertebrate density and biomass accretion, at least \under 7/

the constant hydraulic conditions of this experiment.

METHoD -
Study Area : d

The Colorado River on,theColorado plateau of northern AriZonaf'originates fromhake -
Powell’s reservoir as‘a cOId, clear and variable flow. The ;downstrearn tail-water section is |
| conducive'for primary productionowing to the hypolimietic and optical Characteristics (Blinn '
kand Cole 1991 Shaver et al 1997; Benenatl et al 1998). Varlable ﬂows are released from Glen
Canyon Dam (GCD) hydroelectnc fac111ty, and fluctuate between a minimum 142 m’s and

maximum 710 m’s dlscharge These operatlonal constralnts 11m1t daily varlatlon to a maxrmum .

Co change of £ 227 m’s’ina 24h penod Our study area, Lees F erry cobble bar (36°56 06”N

1 ll c,’28 '53" W; RM 0.8) was physmallylocated above any major trrbutary 1nﬂuence. Glen !



| ‘Canyon, the ﬁrst 26‘kmdownstream: ﬁom GCD are conSistently’ clear Water and repre‘sent 60% of | |

 the total phytobenthic standing biomassproduced throughout the remalning 390 km corridor.i’n‘ .
| Colo‘rado RiVer (Glen and Grand canyons)r(Blinn etal 1995). The phytobenthic commumty
~consists primarily of rnacroalgae Cladophora glomerata, Ulothrix sp. ; Mougeotia sp.;‘.’S'p‘irogyrq‘ |
sp., Chara contrarza bryophytes F ontmalzs sp., and macrophyte Potomogeton pectmatus

Cladophora is a green ﬁlamentous and branched alga that functlons as the structural attachment

~ for ep1phytes and habltat for macrornvertebrates (Shannon et al 1994 Bhnn et al 1995) Th1s R

ep1phyt1c assemblage is composed almost entrrely of d1atomaceous spe01es The domrnant taxa

~ are Diatoma vulgare, C’occonels placentula and Rhozcosphema curvata (Czarneck1 th al 1976;
' Czarneckl and Blmn 1978, Hardvvrck etal 1992 ‘Benenati et al 1998) and are the prlmary

source of autotrophlc energy for hrgher troph1c levels and that comprlse the maJ orrty of

_1nvertebrate diet (P1nney 1991 Bhnn and Cole 1991  Blinn et al 1995)

. Experiméntal‘Deslgn'

Expenmentally, we used cobble substrate as our expenmental umt and compared
' drfferences in rates of benthrc colomzatron usrng a stratrﬁed random des1gn consrstmg of three

 treatments and one control Cobbles cons1sted of fine grarn sedlmentary matenal (calcareous

rl1mestone and sandstone) and all were srmrlar in surface area (3 00 + SE 75 cmz) Three exposure | i

“levels were apphed to cobble substrate These treatrnent types con51sted of Tl substrate exposed ’; ‘
B ’> 100 yr (never colonlzed) T2, substrate known to have been prevrously colomzed benthos '
mechamcally scraped and desrccated for 1 yr and T3 substrate prev10usly colomzed benthos

rnechamcally scraped but never desrccated A control group was established us1ng untreated



| cobble substrate that supported the local composrtlon of phytobenthlc and macromvertebrate
commumty
Fi 1gure 1, 1dent1ﬁes the experrmental hydrograph and samphng perrod that extended from -
| " 1 June to 12 September 2000 Treatments and control cobbles were assrgned to 44 transects,
k»contarnrng 20 replicate samples per transect fora total of 880 cobbles Each'transect’s sampling |
- date was preassrgncd randomly, as well as the dlstnbut1on of the drfferent treatments and control
w1th1n the overall experrmental plot. For each samphng perlod three treatments and one control N
‘were sampled ata 10 11d 1nterval for a total of 11 samphng perrods The sources of cobbles
‘were all locally obtamed and dependrng on the treatment type were collected drrectly from the
‘ Colorado River or adjacent Plelstocene deposits. Where applrcable cobbles were mechanrcally .
‘ scraped clean of ﬁlamentous algae usmg safety edge razors. To drstlngursh from dlfferent |
treatment types cobbles were marked (bottom surface) and pos1t10ned on 5 m cable transects
- orlented perpendrcular to shorelrne atlto12m depths. All transects had comparable ﬂow |

| ’velocmes (O 25 m 1s ,=SE 0. 06) measured at 6/ 10 depth

o Phytobenthié Colohization :
All replicate samples were vrsually observed in the ﬁeld for the presence/absence spec1es, :
compos1t1on mode of attachment (zoospore fragmentatlon, holdfast structure) spatral |
kdrstrlbutlon point of colomzatron areal coverage den51ty and ﬁlament length The experlmental '
' des1gn used a h1erarchlcal approach to falsrfy hypotheses ‘Depending on the experlmental
outcome certam hypotheses were mutually exclusrve therefore outcomes were contlngent on ‘k

the order of falsrﬁcatron It were assumed that if algal estabhshment was due to fragmentatlon or



zoospore produc,tion, than ratesio’f c(‘)lonization would have been equal amongtreatments.
‘\P«articularly, s“inceitransect layout and sample assignrnent for each treatment khad"the same
likelihood of being colonized. However if colonization were due to zoospOre production it k‘
would be apparent owmg to the algal growth pattem (ﬁlament s1ze and substrate d1str1but10n)
- Altemately, if colomzatlon rates and secondary growth were: due to holdfast structures and
7 | dlfferentral v1ab111ty, we would have expected to observe a s1gn1ﬁcant dlfference in rates of
biomass accretron among treatments. 4E’spe01ally, since treatments T2 and T3 were known to
| have had 'origlnally ’asubstantial algal standing crop prior to substrate removalL ) Macroalgal ;

identification was tperfornled in the field using a field microscope (100x).

’Algal and lnvertebrate ‘Accretioh Rates
For each samphng perrod cobbles were sampled wrthout replacement to av01d sarnphng o

i;blas among and w1th1n treatments C1rcular samphng templates (12.57 cmz) were used to sample

‘ cobble surfaCes. So as to avoid preferentlal placement cobble surface was subd1v1ded rnto erghtl

‘quadrants w1th samphng pornt locatlon prea351gned randomly All benthm matenal were k'

macroscoplcally 1dent1ﬁed and sorted by per1phyton and 1nvertebrate taxon into 15 ﬁeld N

| ’ categorles usmg a 31m11ar method developed by Bhnn et al (1998) (Table- 1) A broad category ;

referred to as mlscellaneous algae macrophytes and bryophytes (MAMB) has been used i in the E

. ‘past (Benenan et al 1998) to dlstmgu1sh a combmed group of phytobenthrc taxon (Ulothrzx sp s

l Mougeotza sp., Splrogyra sp Gomphonema sp Batrachospermum sp Rhodochorton sp ,

" Chara contrarla, F onnnalzs sp., and Potomogeton pectznatus).



Sorted samples were stored in pre-welghed glass v1als (25x 13 mm), drled re-welghed |
and converted to ash-free dried mass (AFDM) values (gm?) usmg convers1ons establlshed by
Benenati et al. (1998)‘(Table 1. meg to the destruct1ve nature of biomass determmatlon, L
reference samples were ,collected‘ and preserved in Lugol’s solution ‘(Greenbe'rg et al. \19l85)'.,k
Addltlonally, durmg each samplmg perrod perlphyton samples were collected for each treatment
(0=10), ﬁltered (Whatman GF/F 0.7 pm pore) and desmcated for 48-h at 60 Cand stored

- Further enumeratlon for diatom composmon has not been completed to date.

Production Estimates
By deﬁnition, net primaryproduction N PP)’is eQual to the net phdtosynthetic rate plus ,
| the difference associated with the metabolic cost of both light and darl( respiratio‘nf Whereas,
~eStimates for net photosynthetlc rate (N PR) 1s the net organic production that occurs durlng the \
daylight period, essentially the difference between gross productlon and light respiration. we
have intentionally made a distinction between these two ~ratesbecause they are often 7
| : | 1nadvertently confused and mlsreported in the hterature (Falkowskl and Raven 1997) Secondly
- we have reported rate estlmates of product1on relatlve to both biomass- spec1ﬁc and area-spec1ﬁc
. productlon (Lambertl et al 1989) | | |

We used two separate methods to est1mate net pnmary productlon 1) cross- samphng

 rates of b1omass accrual, and 2) product1on rates based on oxygen generat1on The first method

| we used a SLR and cross-sampled between samphng per1ods, by calculatmg regress1on
coefficients between each sampllng 1nterval to determine an 1nterval estrmate of blomass change

" (i) in response‘to time. Owing to the experlmental des1gn, biomass response was considered



mdependent of the precedlng and followrng samphng perlod The sum of 1nterval rate estimates
was used to calculate total change in blomass for experrmental perlod Whereas the second
B productlon method was'based on empmcally derived product1on rrradrant curves.
- Productlon estlmateS'are rnodeled \using equivalent environmental conditions present at “ g
 the site. The different modelr parameters took into account the apparent optlcal pronerties
- average photosynthetrc photon ﬂux densrty (PPF D: umol m? s 1) estlmated at 15 mln intervals,

- direct 1nsolatron angle of 1nc1dence (6) transect depth (m), water temperature (12 C) gross "
‘productlon and resp1rat10n rates (hght and dark) and quantum efﬁc1ency 12 (K1rk 1983
Falkowsk1 and Raven 1997). Modeled assumpt10ns were that nutrrents were constant and non- ”
| llmrtlng, transmrsswrty was constant durlng expenment normahzed hght attenuatlon (K‘N —k0 28) 5 o
was con51dered constant between days (1.e. although diel varlabrhty in light attenuatlon was -
s ad_lusted for by usmg, cos (srn 6 i)/1.33- K N)- Lastly, all prlmary product1on in excess of
meetmg metabohc costs was transferred to structural growth as bromass The assumptlon was
that no mechanical loss occurred from autogenic sloughing, structural damage,' loss of | |

“ metabolites (DOC), or herbivory.

,~ Statzstzcal Analyszs

We used a comblnatlon of umvanate and multlvarlatetests to determrne the affect
spec1ﬁc treatments and samphng 1ntervals had on the phytobenthic communrty The statlstlcal
, 'tests used 1ncluded ANOVA (Model I) (Kruskal Walhs) s1mple hnear regressmns and mult1ple |
linear regressmns for determ1n1ng temporal trends and rates. All perlphyton and

‘macroinvertebrate\dens'ities and AFDM were transformed In (x+1) to assure for homogeneity of



- variance. Tukey‘,HSD and SpjotVolI-Stolline tests were used for multiple post-hoc comparisons
among treatments and within sahipling periods - Density and AFDM levels are reported as mean
‘ fvalues (= SE m?). Statlstlcal analy81s was performed usmg STATISTICA 5 1 (StatSoft Inc.

1997) statlstlcal software -

| ‘RESUL’TS |
P}tytobenthic Colonization :

Algal ,colonization and growth was minimal for two of the three exposure treatments during
the 105-d ,COIOnization period. The initial quantitativeisource of phytobenthi‘c material ohserved
o to accumulate on Tl (100 y'r.‘or greater) and T2 (1 yr.) was due to frag‘mentation | Fragrnents" |

’ con51sted of Cladophora Ulothrix, Mougeotla Splrogyra Chara F ontinalis, and Potomogeton
‘Although 1nterm1ttently present on substrate visual observatlons did not 1nd1cate a 51gn1ﬁcant ;
- increase m the quantlty of fragments (p >0.1) through the samphng perlod nor was the1r
’substantlal accretlon of secondary growth followrng fragment establrshment Only, 36 4% £ 3. 9
of all cobble treatments (T1 & T2) contalned fragments durrng the course of the experlment.
yAlthough v1able thlspropagatlon mode d1d not appear to be responsrble for, or as rapid mr’
‘ response to substrate colonlzatlon as other propagatlon modes
Source of colomzatlon‘ for T1 and T2, appeared to have been primaril}:f’due to Zoospore
| production, and of all cobblesohservedi during the course of the experiment zooSpores Were}
| present 72% + 8.0 (n = 44(‘))’ of the time. 'The colonization response wasr rapid where ‘5'0-60% of
cobbles had detectable ﬁlaments within ‘a lO-d.‘period. Colonization occurred on the leading

stream edge of the cobble, and within ‘30-d over 90% of cobbles had filaments distributed over

10



,\ most of the cobble surface Taxon0m1c compos1t10n of these ﬁlaments was predommantly
,Ulothrzx and Cladophora Treatments Tl and T2, began to 1ncrease in phytobenthlc bmmass by‘f/
‘60—d into the e?(penment, and had rnatntalned an average AFDM value of 26 g m?2+ 0.86, and .

57gmix1id, E | )

x Whereas treatrnent ’T3 demonstrated a rapid recolonization response (1 e‘ relatiye to the

. other two treatments) ow1ng to the v1ab1l1ty of the perlphyton ] onglnal basal holdfast structure
/and began to accrete measurable quant1t1es of blomass by 21-d. This treatment had been

| or1g1nally scrapped free of all standmg biomass similar to T2 howeyer was never exposed to' l
: atrnospherlc condltlons The initial taxa to colomze T3 was Cladophora followedrlater by :

unbranched mucilaginous ﬁlamentous greens (Ulothrzx Mougeotza and szrogyra) The 1n1t1al o

. colomzatlon response pattem for penphyton growth exh1b1ted a 11near trend Th1s rapld growth
‘ phase became asymptotic by 60-d, Where the total sum of phytobenthos ma1nta1ned a mean ]

- AFDM of 55 8 g m?+ 4 3 for the duratlon of the expenment The secondary colomsts were. |
delayed in the1r estabhshment unt1l 80-d into the expenment The predommant mode of
colomzat1on for these muc11agmous algal forms was probably fragmentary, adhermg loosely to - “

’the ﬁlamentous under-storage formed by Cladophora Yet once establlshed overall accretlon by -

these algae was rapld, occurrmg at a rate of 670 mgm’ 2! (p< 0.00l).{ ;

‘ ’Phytobenthic Réspo~nse to Experimental Treatménts
Results indicated that there were srgmﬁcant dlfferences among treatments in overall
| phytobenthlc AFDM (p < 0 001) Yet post-hoc tests 1nd1cated there was no 51gn1ﬁcant

- _d1fferences among treatments Tl and T2 (p > 0. l) ‘The maximum mean AFDM for Tl and T2 - |



- penphyton attamed dunng the entire samphng perrod was 4 2gm?+1 98 (92 d) and 8. 4 g m?+
3.8 (82 d) respectrVely For treatment T3, the mean maximum bromass in phytobenthos had an
| AF DM of 66 6g m?+ 15 (71-d). Although these two treatments had srgmﬁcantly lower
' phytobenthlc AF DM than T3 (p< O 001) there was a trend for greater bromass accretlon for
cobbles having been exposed to atmospheric condltrons no greater than lyr. Trends suggested a’
possrblhty of substrate condltlomng and v1ab1hty of resrdual holdfast structures Rates of
accretlon for treatments Tl and T2 were delayed and did not begm to accrue wrth srzeable
: quantltles of AF DM until 60 d into the experiment (F1g 2A) We pooled treatment Tl and T2
data since rates were not 51gn1ﬁcantly dlfferent between treatments. Results 1ndlcated that after

60 d AFDM for penphyton began to accrete at arate of 67 mg m?d’.

Treatment T3g was unlike the other two treatments, and showed a rapid lcoloniiation that

was predominantly Cladophord; with an otlerall AFDM accreti'on rate of 930mg m? d";(p <
0. 001) (Fig. 2B) Cladophora represented 85.8% of the entire phytobenthrc blomass accrued

| and ‘was srgmﬁcantly dlfferent in proportlon to the overall penphyton found on Tl (p <0.001) ‘

,and T2 (p< 0,001). Although, Cladophorq was present in these other treatments, its overall |
‘ percent COmposition was considerably less and represented 3% for T1 ‘andl6% for T2. Further

: post—hoc comparlsons showed that there was no s1gmﬁcant dlfference in percent composrtlon (p K

| “ =0. 17) between these two treatments, Wthh were comprlsed of predommantly mucrlagmous
" filamentous green algae : | |
Results for MAMB 1ndrcated that there were srgmﬁcant drfferences in AFDM among the B
. three dlfferent treatments (p <0. 001) Post—hoc comparrsons mdrcated that the dlfferences

among T1 and T2 were not 81gn1ﬁcant (p > O 1) Mean AFDM for MAMB attalned dunng the ‘
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entiresamming petiod for T1 was 430 mg m? +0.18, and T2 was 810 mg m2i02 n the case

of T3, it was significantly different than the other two treatments (< o'.001)~ where MAMB

. AFDM values averaged 2.7gm" 2. +0.57. Although T3 MAMB represented only 8% of the.

| phytobenthrc composrtlon for the entire samplmg penod there were srgmﬁcant dlfferences
w1th1n sampllng perrods (p<O0. 001) Post-hoc tests (Fig. 2B), revealed that w1th1n samphng
' d1fferences for mean T3 MAMB was due to the last series of samphng per1od’s (105 d) where -
‘mean AFDM 1ncreased rapldly and attalned levels of 16 g m’ 24 3 6 | 4
. Fragmentary growth was more often than not absent on treatments Tl and T2 w1th the E |
exceptron of some fragments from macrophytes Addltlonally, the proportron of m1scellaneous :
: algae in T1 and T2 did not accrete signiﬁcant quantities (>0 ‘05) AFDM among treatments.\ G
| This was also the case for bryophytes (p O 91), and macrophytes (p 0 24) However |
macrophytes for treatment T3 had an average AFDM value of 597 mgm?+ 33. T3 was also :
51gn1ﬁcantly greater in the quantity of bryophytes (p 0. 02) and other algae (p < 0 004)
however, there were no within treatment dlfferences for either bryophytes (p=0.64) or other
algae (p=0 ’34) | o | |
| Detrrtus accumulatlon differed slgnrﬁcantly’ among treatments (< 0 001) yet post-hoc
fdrfferences were only attrrbuted to T3. Detritus accumulat1on ‘was not 51gmﬁcant among (p =
N 0.56) and w1th1n treatments for Tl (p O 57) and T2 (p 0. 51) Although cobble substrate was |
” typlcally devord of detrital materral and averaged AFDM values of 24 mg m? + 16. 8 for Tl ‘and
~ 10 mg m :t 8.5 for T2 Treatment T3 detr1ta1 accumulatlon averaged 12 5 gm” 2422, yet |
drffered srgmﬁCantly w1th1n sampllng perlods (< 0.00’1‘). A trend existed where once T3 began . o

to accrue sufficient enough s.tanding periphyton as of 31-d (Fig. 3A), detritus proceeded to
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accumulate in srgmﬁcant quantltles (p <0. OOl) ata rate of 1.1 gm s Detrltal accumulatlon :

- reached mean maximum AFDM levels at49.4 gm? = 19 (n=20) as of 60-d. However by

- expenmental closure it had decreased Just as rapldly to AF DM values of 9 2 g m’ 2+ 1 8 (105 d) B
: Also we observed a trend of i 1ncreasmg variance around the sample mean, with greatest varlance

at 60- d 1nto the experlment (Fi 1g 3B)

Phytobenthic Respbnse of the Control
’ Phytobenthrc AFDM 1ncreased srgmﬁcantly during the duratron of the experlment (p < ,"
0. 001) at a rate of 20 mg AFDM m?d’. The average phytobenthlc AFDM was 176 g m 5
- (F1g 4A) In comparlson Cladophora on average represented 53.4% of the Control’s cobble
composrtlon and was 51gn1ﬁcantly dlfferent then the three other treatments P< 0 001) when
, tested for among treatment differences. Standlng b1omass of Cladophora mcreased during the

~ entire expenment w1th an overall accret1on rate of 0. 36 gm’ d (P <0. 004) in AF DM It was

- fnotable that AFDM altemated frequently between sampllng perlod’s (10 d), and demonstrated an

o osc1llat1ng per10d1c1ty that 1ncreased in amphtude as 1t approached experlmental closure (F 1g

4B) Addltlonally, thrs osc1llat1ng pattem was observed for an alternate category referred to as
mlscellaneous algae and consrsted pnmanly ofa colomal aggregate (1 e. prlmarlly the dlatom
Gomphonema‘,sp.). | | | |
E Miscellaneousalgae ‘associated with the Control had AF DM values that were si‘gniﬁcantly' '
. hlgher than values attamed among other treatments p< O 001) as well as s1gmﬁcant w1thm
: j.varlablhty (p < O 001) This m1scellaneous algal group represented 17. 3% + 1 2 (n= 220) of the -

mean phytobenthlc composmon yet by exper1mental closure had decreased from of 24 to 5% of
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total ~,‘co‘rnposition (Fig. 4B). 'Results ‘in’dicated a signiﬁcant trend in biomass reduction through -
: theexperimentalperiod (p< 0.\0(1)1),‘ and where the mar(imum mean AFDM value decreased fromv |
,\ 67 g m'zzt:i.lo, 10 4.6 g m‘zzlzﬁl 4. By the end of theexperiment, the biomass loss‘represented a |

 negative AF DM rate of 393 rn‘g'm’2 dl. This ‘miscellaneous alga vvas compOSed ‘predomiknantly of

Gomphonema It demonstrated a periodicity that was both negatively correlated and |

5 asynchronous in perrodrcrty to Cladophora AFDM (p <0. 05) Whereas it was 51gn1ﬁcantly (p <

- O 001) and posmvely correlated to the presence of bryophytes and in synchrony w1th its

| osc1llat1ng perrod1c1ty For all the possrble interactions tested, Bryophyte X Cladophora were’ |

found to be s1gmﬁcant (p < 0 001) Mlscellaneous algae responded more positively under an

” 1ncrease 1n overall phytobenthlc blomass and composmonal dlfference favorlng a greater e

proportlon of bryophytes over Cladophora but not of an excluswe bryophyte composmon ‘
Durlng the experrmental perlod the Control MAMB averaged an AFDM value of 85 8 g m ;

2102, and was srgmﬁcantly hlgher in companson to the other treatments (p < 0 001) as well as ‘

drfferences durtng the sarnphng penods (p <0. 001) Post-hoc tests revealed that thls perlodrc o o

ﬁ ;varlatron between sampling perlods began to increase mld-way into the experlment and
continued to closure Overall MAMB represented 46 6% £2.1 (n 220) of the mean

: ‘phytobenthlc composltlon (F1g 4B) |

| - Also, results indicated that there were s1gn1ﬁcant dlfferences that ercrsted among treatments
: (p<0. 001) 1n bryophyte bromass yet post—hoc tests revealed that only the control was
s1gn1f1cant1y greater (<O0. 001) in AFDM The frequency of bryophytes occurrence (1 e,
fragments) on the three treatments was extremely rare, and represented from 1 8% for all

? 'treatment cobbles (n 660) In comparlson the Control cobbles were observed to have a75% |
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frequency of occurrence.’ Results indicated that bryophyte AFDM on the Control was ‘
| srgmﬁcantly h1gher than mean values attalned among other treatments (p <0. 001) however no
s1gn1ﬁcant difference ex1sted between samplmg perlods (p<0. 14) for the Control Mean AFDM’ |
, value for bryophytes was 46.5 g m 2+0.26 (n 220) and represented 24.8% of the total k
compos1tlon (Fig. 4B) Bryophytes not unhke Cladophora demonstrated a perlodlc pattern
throughout the duratlon of the expenment however, its compos1t1ona1 proportlon and overall
: b1omass was negatlvely correlated to Cladophora (p< 0 001)
Thls same pattern was observed for Control macrophytes where AFDM was s1gn1ﬁcantly ‘
khrghe’r than mean values attamed among other treatments (p<0. ()01) and no 51gn1ﬁcant
| dlfferences were detected between samphng per1ods (p < 0 16) Add1tlonally, muc1lag1nous
ﬁlamentous algae on the Control consrsted prlmanly of Ulothrzx Mougeotza and szrogyra and o
- asa categorlcal group were found to be s1gn1ﬁcantly dlfferent in AFDM among all three .
treatments (p < 0 001) However unllke bryophytes and macrophytes there were within
‘ samphng dlfferences (p <0.001). Post-hoc tests 1nd1cated that mean AFDM for mucﬂagmous
‘ ,ﬁlamentous algae attained max1mum levels of 142 ¢ m'Z:I: 3.4 (n=20) by the end of the
N ‘experlmental penod However it mamtalned typleally averaged an AF DM value of 7. 4 g m?
1 1 (n 220) and represented 4.5% of the total composmon of Control cobbles. ,
Detrltus for the Control cobbles d1ffered srgmﬁcantly among the three dlfferent treatments
‘(p < 0 001) and as well between samphng efforts (p <0. 001) On average detrltus for the entire
sampling per1od had an AFDM of 65 2 gm?+9. 1 con51st1ng prlmarlly of sloughed or senescent
| algal materlal (Fig. 3A) Detrltus attained a mean maximum AFDM level of 177. 9 g m?+ 72, |

jalthough there was con81derable vanat1on between and w1th1n samphng per1ods (Fig. 3B) Post-
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s hoc comparisons demonstrated that within sampling differencesfor detritus were temporally‘
| linked to?changes that 0cCurred mid-way into’the experiment Detritus descended to AF DM’ ‘
levels of 10 2g m’ 2t 2 1 (105 d) by the end of the experlment These lower detrital levels were ‘

srmllar to those observed for T3.

Macroinvertebrate Response to Experimental Treatments

There'vvas no signiﬁcant differenCe in overall Physella sp. (snails) mean densitybe’tween o

T and T2 (p > 0 l) post-hoc comparlsons revealed that by 72- d mean densrtles (p <0. 05) and o -

Amean AF DM (p <0. 05 41 d) were s1gmﬁcantly greater for treatment T2 (F1g 5A F1g SB) The
| max1mum mean densmes attamed durmg the entire samphng perlod for T1 and T2 were 25 8 103
org m?+ 8 2- 103 (92 d), and 35 5-10° org m2 + 9 3-10° (105- d) respectlvely AFDM for | \ .
: gastropods were also consonant to observed densrty patterns Maxrmum mean AF DM attamed
by snalls for Tl and T2 were 5 9g m2 + 1 8 (92 d)and 11. 2 g m2 + 3 6 (105- d) respectrvely
k Pooled data for both treatments demonstrated that snall density (p <0.001) and blomass (p <
0. 001) were posrtlvely and s1gn1ﬁcantly correlated to Cladophora and muc1lag1nous ﬁlamentous "
algal AF DM A strong llnear relatronshrp ex1sted between snail blomass and densny but not
Cladophora Although correlated the correspondmg pattern m 1ntra-samp11ng varlance for
 theses three benthrc constltuents 1nd1cated that varxatlon in penphyton blomass did not e)rplaln o
; the variance observed in snail biomass or densrty for e1ther treatment, T1 (Frg 6A) and T2 (6B) \
| Alternately, treatment T3 was 51gn1ﬁcantly greater for both sna1l densny (p<0. Ol) and
" algal AFDM p< O Ol) than T1 and T2 and had atta1ned a maximum mean densrty of 129. 7 1()3 B

org m2 +22- 103 (49 d) and AFDM of 49 O g m* :h 6.7 (80 d) (Fig. 7A; F1g 7B) Also results \ i
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1nd1cated that T3 snail densities (p<o. OOl) and biomass (p < 0. 001) were pos1t1vely and
‘k srgnlﬁcantly correlated to perrphyton AFDM (Cladophora miscellaneous and muc1lag1nous

ﬁlamentous algae) T3 snail AFDM tracked Cladophora ata rate of O 86 g m?d’! (p <0. 001)

- and became asymptotlc after 60- d

- For the Control snails rapidly responded to stable ﬂows condltions and 1ncreased from an
: 1n1t1al dens1ty of 32 ‘10° org m*+ 7.9- 103 and AFDM 15.4 gm 213510 maximum levels within
a 60 dperlod of217 103 org m?2+19.5- 103 and AFDM and 104 g m2 +11.2 (F1g 7A; F1g 7B) ‘
This represented approx1mately a six-fold increase in densrty and b1omass During this
expanswn phase sna1l dens1ty and AFDM 1ncreased at a rate of 3.5 103 org m 2d' (p<o. 001)
and 1.5 g m? d’! (p< O 001). The overall mean snail densny and AF DM mamtamed during the
ent1re experiment was 151 103 org m?+ 7 4- 103 and 68.1 gm?+ 3. 6 respect1vely (n=220) |
For treatment T3, Cladophora was srgmﬁcantly correlated w1th snall densrty (p <0. 001)

-although not s1gmﬁcantly correlated to snall biomass (p=0. 054) Fmdmgs 1nd1cated that under |
stableﬂow condition snails responded to algae, yet appeared non-explomve', and ‘by 60-d into
\experiment snail densities and biornass had stabilized and were synchronous with the obserifed

~ variation for Cladophora biomass (Fig. 8A, Fig 8B) ‘For T3, a linear relat1onsh1p ex1sted for

. 1ntra-samplmg variance between Cladophora and snall b1omass and density. This linear

. correspondence mdlcated a pattem of resource tracking, where variation between samples for
‘Cladophora AF DM»eirplained the obserned ifariation in snail b'iomass and density (Figr 9A). By
: the endof the experiment snail AFDM had increased from 73% to over 95% of the total | B
macroini/ertebrate biomass. Whereasfor the ‘Control? intra-sampling'variance increased with |

| sampling periods reachingmaXimnm Variation around the sample mean by 50-d. However,
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| nelther snarl blomass nor densrty demonstrated as strong of a correspondence to Cladophorah (Frg .
' ‘9B) as had T3 The proportlon of snarl bromass to total benthlc (autotrophs and
| ‘macromvertebrates) blomass for the three dlfferent treatments and Control represented for Tl
82% + 16 T2, 73% +21; T3, 47% + 20; and Control, 31% +8. 2 The Control attamed snall
| fdensmes (p <0. 01) and AFDM (p < 0. 01) levels that were srgmﬁcantly greater than those
) observed among other treatments Addltlonally, for the Control snalls far exceeded other
macromvertebrate densltles and blomass levels (Fig 10A, Frg. 10B).
4In regards to these other larger macromvertebrates there was an apparent colomzatron lag

(60 d) observed for tub1ﬁc1ds lumbr1Cu11ds and amphrpods occupylng available substrate
However no other macrornvertebrates were found to be as abundant 1n densrty or blomass as
. were snails. l)uring the entire experiment the only other invertebrate obServedoncobbles for X ‘/,
treatments Tl and T2 were flatworms (Turbellaria) (Fig. 1 1A). ‘Testfor differences in mean e
, orgamsm density (p < O 001) and AFDM (p <0.001) among treatments mdicated that only T3
‘was srgmﬁcantly different Mean densmes and AF DM levels of ﬂatworms for Tl and T2 were -’ V

respectively214 orgm 21 46 and 107 mgm2:I:382 and 326 orgm2i62 and 106gm :1:306 .

B Alternately, the mean densrty and AFDM of ﬂatworms for T3 was 1 2: 103 org m 24 0 14 103 and / k‘ “

| “ 313 mg m- :t 38 (F1g llB) Average rate of i 1ncrease for treatments were Tl 6. 7 org m 2 d andf :
' 37mgm a4 T2, 80rgm d! and24mgm dl andT3 25 1 orgm d and62mgm d1
Regardtng other macromvertebrates these were assocrated wrth T3 and only once algal o
’ biomass had sufﬁcrentlyraccrued Macromvertebrates included lumbrlcuhds tubrﬁcrds
gammands s1mu11ds and chrronomids Results for T3 lumbricuhds showed an 1ncrease in

, densrty (p <0. 001) and AFDM (p <0. 001) throughout the expenment and attained maxrmum
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mean densities of 478 org m? + 134 and AFDM of 3.3 g m+ 1.2 (91-d). Results for tubificids

‘ “ were 51m11ar where dens1t1es (p<o. 001) and AFDM (p <0. 001) 1ncreased throughout the

experiment; although no appre01able increase had occurred untll mld-way into the experrment
' (60 d) Once tubrﬁcrds were estabhshed they attamed a maximum mean densrty of 557 org m i
/200 and by 92 dhadanAFDM 0f 362 mg m?+ 142. | | |
However response patterns for gammarrds were not srrmlar Gammarusk lacustrzs was :
found to be extremely rare for T3, occurrlng in 3% of all sorted samples (n= 220) Addltronally,
| srmuhds were extremely rare and were - not detected for any of the three treatments whereas
, ch1ronom1ds were temporally varlable upon colomzmg T3 substrate Overall mean chrronomrd
- density and AF DM levels for T3 durmg the expenmental period was 362 org m?+ 69 and 912
mg m?+ 57. Results showed that during the colonization phase (50 d) ch1ronom1d density(p < i ‘.
.001) and AFDMT(p <.05) incre‘ased signrﬁcantly. Organism densities and AFDM increased o =
until mld-way 1nto the experrment and attarned maximum mean den51ty of 1.1- 103 org m ’
0. 45-10° and AF DM of 5.4 g m 2:I: 5.2. However, followrng the penod of growth chrronomrds
;‘ just as rapldly decreased to undetectable levels by the end of experrment
In comparrson post-hoc tests for within samphng dlfferences 1n the Control 1nd1cated that
S ‘changes in mean bromass for lumbrrculrds (p<0. 001) and tubificids (p < 0 001) had increased
ksrgmﬁcantly, whereas ch1ronom1ds exhrbrted a srgmﬁcantly negatlve decllne (p <0. 001)
Lur’nbncuhds. 1ncreased over the study period to a density of 3‘88 orgm‘2 + 93 and AF DM of 12.0
| g m?+29,ata rate of 106 mg m?d’. Lumbrlcuhd AFDM was s1gn1ﬁcantly and pos1t1vely o
| correlated to 1ncreased detrrtal accumulatron on cobbles for T3 (p<o. OOl) and the Control (p < 'k

0. 02) In regards to the Control tub1f101ds they demonstrated w1th1n samphng var1ab111ty (p <
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0. 001) and by experlmental closure tub1ﬁc1ds had 1ncreased in dens1ty to 4 org m 2 + O 17 and
N AFDM of 544 mgm?+ 27 However they were not 51gmﬁcantly correlated to detrltal

: accumulatlon

| \ szke F Tow Effect
Tests were performed to ‘address questlons concernmg the affect of a, short durat1on sprke

~ flow of 896 m3 s'on the benthic commumty followrng a perrod ot stable ﬂow conditions. Thrs |
| \ﬂow’l‘eVent occurred‘between 4-8 S,epternber 2000. Usmg umvar1ate testsg a serres of o |

comparisons were made* between trip nurnber 10and 11, to evaluate the benthic reSponse of the

. Control relatlve to changes in flow. Results showed that followmg the splke ﬂow event a

s1gn1ﬁcant decrease was detected for both macromvertebrates (p< 0 01) and the phytobenthos (p

< 0. 02) However smgle post-hoc tests for macromvertebrates 1nd1cated that only lumbncuhds g

. den51ty (p < 0 002) and AF DM levels (p < O 01) as well as snails densrtles (p < O 001) and

f AFDM levels (p =0.02) had decreased. For the phytobenth1c cornponent, AFDM .levels dlffered‘

signiﬁcantly for Cladophora (p < 0.01)’and mucilaginons algae(p <‘“0.0l)' as well as the detrlta'l /
' component (p <0. 001) Although the effect between samphng per1ods was srgnlﬁcant |
| reductlons in macromvertebrate den51ty and phytobenthic biomass cannot be attrlbuted solely to 7. ‘
~the splke ﬂow srnce trends toward reduction had been prevmusly detected. : Lastly, 1n regards to

. questions concerning cobble displacernentdue to hydraulics, it was determined'that the 'frequency

of cobbles displaced for all treatments and Control were not‘sjgniﬁcant‘following this event P>

0.1).
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: EStimated Production Rates (Biomass accretion and oxygen generation)
- We used two separate methods to estrmate net prlmary productlon 1) cross samphng rates
and 2) productron rates based on prlmary productlon 1rrad1ant curves (unpubhshed data).
Estimates of standrng blomass accretlonfor Cladophora basedon cross-samphng bromass rate
remained relatively rconstant,‘i The aVerage accretion rate showed an increase in AFDM ‘across all
| sampling periods and:was,on: average 3.5 gC m2 d'. Conversely, rates of biomass loss between
‘ sarnpling intervals decreased overtime from 2.0 to 5.1gm?d?! AFDM.’i The average rate of
: decrease was 3.3 gkm‘zr d1 The ratein biomass loss vvas sequentiallv regressive throughout the
o extent of the study period and sharply increased with time. The‘di‘f‘ference betvveen average "
biomass aCCretion and lo\ss rates indicated that 90% to 95% of the total standing biomass &
« p’roduction) was potentially loSt. ’The mechanisms that could have accounted forthis loss were.
‘ driftfrom hydraulic turbulence epiphytic loads sloughing of 'senescent grovvth and loss of extra- /
o cellular metabolites in the form of DOC. Lastly, loss of biomass through herblvory Based on
‘ | the cross- samphng method the total gross quant1ty of standmg biomass produced over a 105-d
\ :perlod amounted to 367 g Cm? | |

The second productlon method was based on empmcally derrved rate curves for oxygen

. generatron under varylng thermal 1rrad1ance and blomass levels. Productron—rrradiant rates were

derlved from experrmental data usrng phytobenthlc covered cobbles comprlsed predomrnantly of

- Cladophora and assocrated eplphytes (unpubhshed data) The total average daily amount of
k underwater photosynthetlc photon flux density (PPFD) avallable dunng the experrmental perlod

kwas estlmatedf as 41.57 mol m d (% 0.33). The average darly instantaneous underwater’ PPF D
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‘ estimated atdepth was at 787 pmol rn'zf s'. Cumulative hour duration of photoperiod totaled 14-
o h,(:i:k;l.S h, civil twilight) and had a dailyunderWater maximum df 1’439 ml m?sl
k Net pr1mary productlon estimates (NPP) based on an average hourly rate for the entlre day, ¥
, vaned relatlve to the quantlty of blomass accrued on cobbles (Table 2). Results 1nd1cated that : -
productlon estlmates for the Control based on the average total phytobenthrc blomass of l76 g m
2 (ﬂ: 5.0) had an average hourly NPP of 2.03: mg 0, gC m’ h1 Thls blomass-productron
estrmate was con81derab1y less than estlmates derlved for the other treatments Where a comblned o
estrmate for treatments Tl and T2 had an estimated NPP of 7.93 mg O2 gC m h based on an |
’ ”AFDM of O 145 gm (ﬁrst 50 d of experlment) whereas T3 had an est1mated NPP of and 5 84 o
”mgOng m" h basedonanAFDMofSSng | |
Although there Was a reductron in blomass-specrﬁc NPP (1 e., generatlon of O2 gC ‘ m h ‘)
‘ overall area-spec1ﬁc NPP productron' was greatest for cobbles having the largest accret1on of
, bromass per area. NPP for the Control was est1mated as hav1ng an average hourly NPP of 300
k mg 02 gClm hl whereas the other treatments NPP were an of 1.28 mg O2 gC m™ h for T1
& T2 (comblned estrmate) and 340 mg 0, gC m" h ! Carbon convers1ons based ona |
| conservatlve photosynthetlc quotlent of 1.2 were calculated for the drfferent treatments and
- Control (Krrk 1983 Falkowskl and Raven 1997) Daily rates for NPP carbon syntheses were
k25 72mng d1 6814mng dI and6066mng d’, fortreatmentTl &T2
:(combmed) T3 and Control respectrvely Extrapolated estimates for total net carbon productlon :
, f(area-spec1ﬁc NPP) for the duration of the experlment (105- d) were 2 7 gCm (Tl & T2) 7155 L
x gC' m?(T3) and 637 gC m (Control). ‘The darly productron to blomass ratio (PB) was four

times as high for T1 & T2 (0.19) s for T3 and Control (0.05).
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It is notable, that NPP production,rates‘ for T3 are greater than the Control. ‘During our

: eXperiment, the onsetof decreased phOtosynthetic efﬁciency under’high irradiant levelswas a .
| ‘estirnatedto beginat115¢g m’? AFD’M;j and NPP production;rates become'asymptotic onee -

7 biomass levels attained‘ AFDM of 230-240 g m2 This photosynthetic,response was indicative of
B allometric constraints on NPP perhaps 1n response to light and nutrient limitations or the
accumulatron of senescent growth The ecologrcal consequences for periphyton are that the
biomass compensatron pomt between photosynthesis and resplration w111 be dependent on
“seasonal incrdence, substrate depth and the optical properties of water. Therefore, the maximum
| 'aniount of accreted biomass ‘wiylli vary on a temporal and spatial ’scale ;based on limitations to

primary production occurring within the channel.

' DISCUSSION
~ Colonization -

‘Our results indicated that differences in coIOnization modes inﬂuenced algal establishment,
growth rates and composmon Although flow stabihzation allowed for colomzation of
perlphyton differentlal response in biomass accretion among treatments rnay have been
attrrbuted to’developmental differences in algae and rncreased grazing pressuresby herbivores ‘

: ithat equally responded to these stabilized conditions. Numerous studie\s have demOn‘strated that
' grazrng reduces area—spe01ﬁc product1v1ty (Stewart 1987, Mulholland et al. 1991) as well as
“altered phytobenthic composmon (Cuker 1983) Alternately, other 1nvest1gators have shown that‘
grazmg has increased biomass and productron levels by the removal of senescent under-storage

: (Gregory 1983; Sarnelle et al 1993) 1ncreased PPFD availabrhty (Hlll and Harvey 1990
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- Mulholland et al. 1991) reductron in ep1phytes (Cuker 1983; H111 and K.nlght 1987) and nutrlent
" recycling by grazers (Cuker 1983; Mulholland et al. 1983 Gr1mm and F 1sher 1989 Vanm and
Layne 1997). In particular, Clad0pkora has been shown to respond pos1t1vely to snail grazrng ‘
~ (Dudley 1992; Samelle ef al. 1993). R | S

; Results indicated that the mode of | algal establishrnentand response rate were dependent on | I
the nature of the cobble treatrnent. s,Folloiving substrate inundationr'colonization occurred w1th1n |
al0to ZO-d period. ‘k Fragmentation was initially the most observable mode yet it vvas not the

' prlmary colomzatlon mode Although all colomzation modes (fragmentatlon zoospores and
res1dual holdfast structures) were present the most affectlve means of estabhshment were related '
- to viable holdfast structures ZOOSpOI‘eS and lastly fragmentation Shaver et al (1995) 1dent1ﬁed
slow recolomzation rates for Cladophora and consrdered ‘colonizatronto be entlrely due to k
fragmentation or viability of residual holdfast structures Their results'for translocationl’ ‘\ 5

| . ekperlments showed that only 25% of the standing mass had accrued after 1 l-mo of recovery In

: other aquatlc systems total recovery has been observed to occur w1th1n a two-mo perrod (Blum :

, 198‘2) ThIS slow recovery response in the Colorado River has been attrlbuted to the affects of N T

B cold stenotherm1c @Cx2 ) cond1t10ns Whlch are suggested to be the major mh1b1tor of
,,sporogenesm (Shannon etal. 1994 Shaver etal 1995 Bllnn et al. 1998) | |
. Nevertheless, this study has indrcated that the colomzation mode usmg zoospore&
propagules are perhaps more common than once thought. The'over’all peri”phyton composition'of ‘1 o

the different treatment cobbles was dommated by green ﬁlamentous algae composed pnmarlly

~ of Ulothrix and Cladophora Yet the dlfferences 1n the propagatlon modes used the1r v1ab111ty «

and ultimate establishment may favor certain species over others. Alternately, the colonlzatlon <
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for other mucilaglnous macroalgae such as ,Mougeotzla and Spirogyra occurred‘ only on treatment "
T3 once a substantial amount under-storage had developed. It appeared that their predorninant_r
mode of colonization was probably fragmentary since,these two taXa do not propagate by :
zoospores, and fo,rmed by adhering loosely to the filamentous under-storage of the previously
', estabhshed phytobenthlc mat H o
Although both Ulothrzx and Cladophora utilized zoospores in colomzlng treatment cobbles
: (Tl &T2) it appeared that the greatest colonization success favored Ulofhrzx However algal
s growth rate for cobbles colomzed by Zoospores appeared to have been much slower in response
! than the altemate colomzatron mode that relied on the use of viable basal»holdfast structures. o ﬂ
’Perhaps this phytobenthic response reflected developmental and compositional differences that
_existed between mature and intermediate grth and its susceptlibilyityto herbivo\ry.\ Also;‘ we
‘ presume‘ that either grazing susceptibllity or grazer preference may be a responsible for the
B dlfferent colonization responses and that the observed algal growth from Cladophora utlllzmg
| 'basal holdfast structures provrded resrstance to grazmg Thrs latter treatment (T3) under steady .
‘ ﬂow condltlons responded in pattern s1m11ar to that of other recolonrzatlon experlments using
cobbles des1ccated for 3-mo (Benenat1 etal 1998) Benenat1 et al. (1998) reported that
- perlphyton con81st1ng pnmarlly of Cladophora and eprphytes had only partrally recovered to 35% ’
kof the control As mentroned our results were srmllar indicating that by expenmental closure
) (l 5-week perlod) Cladophora and assocrated perlphyton for the three treatments had attamed ,
- less than 0 4,0.9 and 39. 4% of the blomass associated with the Control However, this slow
responseis contrary to other desert streamswherealgal blomass qulckly accrues after seasonal

re—Wetting,of previously dry channel (Peterson and Boulton 1999).
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: ‘Apparently, this colonization mode favored Cladophora' even S0, its eStabllshment as the k' ‘
1n1t1al colomst may not reﬂect dlfferences in algal propagatron mode or rehance but rather the -
orrgmal benthlc composrtlon of the cobble prlor to the phys1cal removal of periphyton. Although
~composmonally, bryophytes were one of the pr1nc1pa1 components of the phytobenthrc Control’
commumty, they demonstrated no effectlve coIomzatlon on any of the three treatments durmg the’, -
' expenmental penod ThlS response supported the premlse that bryophytes are much slower to " .2
colonrze than are penphyton However once establrshed bryophytes may have equlvalent

,prlmary productlon rates to the other macroalgal constltuents Addrtronally,

: S'nat’l herb,z\'/vory
Previous colonization experiments in the Colorado River performed by Angradi’ et al.
f (1993) showed that in absence of snarl grazmg pressure Ulothrzx responded rapidly in accretmg
| ffblomass (Log10 bromass =0.09 (d),* =0. 96) Clearly we cannot say wnh certamty that the
- sequential pattern observed for biomass accretlon in phytobenthos and macrornvertebrates was in ~
‘ responseto herbivory. However, these response dif‘ferences amongtreatments would ]sugg\e\st , ,’
~ that susceptibility to snail grazing was dependent on the diff’erent‘modes at earlier staées of algal | o
' colomzatlon In con51der1ng benthic colomzatron response by all treatments it appears there was ,
rnsufﬁc1ent time for the henthos to reach density or blomass levels that were equlvalent to that of )‘
the Control Of all the treatments T3 colomzed the fastest owmg to the v1ab111ty of holdfast :’ |
i structures Yet in comparlson the autotrophlc and 1nvertebrate AFDM for T3 had attamed only .

40%: and 60% of the Control’s biomass.
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Herb1vory has been shown to be a major mechanism marntammg aquatrc systems in early

= successronal stages (Dudley and D’ Antomo 1991) ‘High algal turnover rates can support htgh

herbivore blomass (Lambert1 and Resh 1983' Lambertl etal 1989) resultmg in an 1nverted

trophrc pyram1d (Gregory 1983). Lambertr et al. (1989) showed that rate of pr1mary productron

) bromass accretlon and export were greatest under hlgh 1rrad1ant levels and demonstrated that

algae production exposed at high irradiant levels for both grazed and ungrazed algae had a broad ‘

, range of abundance Th1s 1ndlcated that grazing at high hght mtensmes did not 1nﬂuenced GPP ; (]

' rates and standrng blomass However under lower light 1ntensrt1es there was no 31gmﬁcant .

relatlonshlp between GPP and biomass because the influence of grazing modlﬁed algal biomass. o

For low productron the prrmary process reducing standmg blomass was due to grazer ,'

consumptlon whereas at hlgher productlon loss was prlmanly through sloughmg and

'd1slodgment w1th only 5% of algal blomass consumed at high 1rrad1ant levels
- ) We suspect' that if 1nterrned1ate successronal propagules such as Cladophora‘ as well as
-~ other macroalgae ‘were consumed d1rectly by snalls the physrognomlc structure should have

i remalned similar to the initial ep111th1c state (fast growmg, adnate dlatoms) (Cuker 1983 H1ll and

nght 1987). ThlS appeared to have been the case for treatments T1 and T2, where cobbles

. consisted of bare desiccated substrate (Tl and T2). Although, withm a10-d perlo;d wehad 3 l : °

SIS OIYTCTC T ’ ! TIETTTCICR ST 7" ZUUS R

“that

ely highsnail o o . time for algal establishment to have escaped snail grazing ‘pressure owing to extrerr
yose that snailk o ~ densities (10- fold mcrease) on bare substrata followmg ﬂow stabrhzatron We pror
1 development’ ‘ | ‘ : - - ,foragrng behavior may have been more effectlve on bare substrata yet the structura

of the under-story may have provrded structural 1ntegr1ty and functional complex1ty
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 increased the forag'ing area, and attenuated ﬂow velocities allowing;i‘or greaté_:rj densities to aCcrue’ -
and persist. B | -
Under intense gr_azing pressure the successional estabiishment of Ulothrix and Cladbphora ‘

appeared to have proceeded only once substrate cond1t1ons were suitable for propagulesettlement N
, (Dudley and D’ Antomo 1991) Ultimately, filamentous algae appeared to have outdistanced the ~

| presence of snail grazmg by 1ncreased blomass production after 60-d. This lag-time in biomass

', ‘,accretlon has been observed in other experlmental and natural systems, and has been attributed to ,
an algal e‘nhancement response to the effects of grazmg (P\etersonﬁand Boulton 1,999).7 For |
treatment T3, the rapid increase in biomass With time, may have been related to the difference in | ‘ :'
coioniZation mode. F indings from other studies have indicated\ thatsnails don’t pr'eferentiaily
graae onmature ‘Cl’ctdophor,’a' ovVing to their large, thick cell walls,‘ and iﬁ;ljamentous Structu;e»f
(Calow and Calow 1975; Skoog 1978) yet early in théir development snails are known to crop
young ﬁlamentous growth (Hlll and Knlght 1987; Lamberti et al. 1989; Sarnelle etal. 1993
Peterson and Boulton 1999). Th1s response appeared to be the case for treatments Tl and T2

Interspecrﬁc competltlon has been shown to mﬂuence the d1stribution and abundance of

benthlc’macromvertebrates (McAuhffe 1984) In partlcular snails have been shown to have a
negatlve affect on densmes of perlphytic grazrng larvae (Cuker 1983 Hawkms and Furmsh‘
- 1987). One would expect that when populations expand to high dens1t1es they would have a
‘ma_] or structurmg affect Competltlon for resources by explortatlon or agomstlc behav1or should
ex1st only when predators are absent (Bronmark etal. 1991). Ecologically, we areunsure why,
such hlgh snail densities were observed in the Colorado River however we recogmze that this

would be eXpected if snaiis were predominantlyinvulnerable to predatlon (ie., ’speculated for .



- Colorado River system lacks moluscivores). Also, it would be expected once populations
, reached,sOme critical density, where taxa would exploit certain resources (Osenbergf 1989).
; Ho"wever,’ this resource exploitation was never observed, except for a ternporary sunpression of
k earlymaCroalgal' development during’k the initial colonization of treatment T1 and T2. |
: EXploitlve competition wasf not observed for CV'Iadophora:hOWe‘ver a negative correlation
- was observed between gastropods and miscellaneous algae (i.e., prlmanly gelatmous stalks of the |
' ‘dlatom Gomphonema sp.). Although we presume that eplphytes attached to Cladophora were
influenced by grazing, there was 11tt1e if any trend of snalls hm1t1ng the structural component of
_ the host-plant In the Colorado R1ver eplphytes function as the primary source of autotroph1c ‘

energy avallable for higher trophic levels (Bhnn and Cole 1991 Blinn et al 1995) Typically,

phytob,enthlc blomass represents only‘a small proportron’ of the total stream product1on (Gregory |

1983). Their trophic irnportance to this systetn cannot be overstated (Czarnecki et al. 1976;

- Czarnecki and Blinn 1978 Hardw1ck et al. 1992; Benenati etal. 1998) Eplphytlc-host
\relatlonshlps have been 1dent1ﬁed as beneﬁc1al to macroalgal host plants by drfferent
mechamsms such as nutrlent exchange, protectlon from hlgh solar 1n01dence of v1s1ble and UV /
light, and deswcatlon (Harlin 1973 Usher and Blinn 1990 Bhnn et al 1995) Even S0 there is |
| cons1derable ev1dence to the contrary Accumulatlon of eplphytlc blomass has been shown to

: 1ncrease hydrolog1cal drag (Stevenson and Stoermer 1982; D’ Antomo 1985 Mulholland et al.
1994) competltlon for light and nutnents (Whltton 1970 Ph1111ps etal. 1978 Dudley 1992)

Stevenson and Stoermer (1982) and others (Dudley 1992 Cuker 1983; Mulholland et al 1983;

Stewart 1987) have 1ndlcated that under nutrient limitations Cladop,hora: was unable to outgrow
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- its eplphytlc load. Th1s resulted 1n encrustation of eplphytes and 1ncreased susceptlbihty to‘ L
o sloughmg | | | | L
For this reason Cladophora may requlre grazing to suppress excesswe epiphytlc loads k “ N |
, (Dudley 1992) The bu11d up of a large overstory of eplphytes can be reduced by grazmg (Nlcorti k ‘, >

1977) favoring adnate epiphytlc and ep111th1c species (Cuker 1983 Lambertl and Resh 1983 H111 -
, and Knight 1987). Our experimental observation supports this response where high Cladophora ‘
‘ biomass was maintamed and responded posrtively to snail blomass and densmes and negatively
~ to eolomal aggregates ‘comprisedpredomlnantly of Go‘mplionema (miseellaneousalgae). ngh N
l algal produetionrates have ‘beenshown to escape the Tnegative effects of herbivory :(WhittOIl |
1970). Differencesbetween treatments potentially explained how biOmass'aecretion may’have ’ ‘
| eseaped regulation by grazers; however this response would have been expected to be
constrained at some pomt when grazing numbers had 1nerease (Lamberti et al 1989) smce ,‘
epiphyte ava11ab1l1ty has been shown to hmit snail productlon (Osenberg 1989) In comparison o
oross sampling biomass productlon estimates for the Control were cons1derably less at 368 gC m’
than those derived from b10mass—spec1ﬁc NPP, based on O2 generation, estimated at 637 0 gC
m?(Table 2). The latter NPP estlmate for algal productron should have been sufﬁc1ent to. have
maintained snails at AFDM levels of 104 gm? (£ 11.2). Secondly,‘ our deriVedestimates of
1~3.2’2"mg O m2 h“, based on biomass-speeiﬁc NP rates for Cladophofa and epithtic diatoms -
- (high irradiance and low blomass) were equivalent to other documented blomass-spemﬁc
production levels (13 5 mg O2 ? h"), under grazed cond1t10ns (Lambertl and Resh 1983 Hart et' -

oal 1991).
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- The maintenance of epiphytes'at lower levels may reduce the frequency of mature algal -
| mats from leughing (Mullholand etal. 1983).‘ In/ comparison to the Control ‘we observed no

‘ perrodrcity in algal standmg biomass for the three other treatments The dens1ty of T3 snarls had

| 7 stablllzed mrd—way into the experlment yet were 43% less than Control den51ty (Flg 7B) The

d1str1but10nal dlfferences in both den51ty and blomass would imply that greater productivrty was
occurring in these mature"cobbles’, even though ourareal-producuon estnnates for NPP were |
slightly greater’ for T3. Grim and Fisher (l 986) suggested that lag-time in_ biomass’ acciretionwa‘s
\ due to nutr1ent ﬂuxes in pnmary productlon rates. Although it has been suggested that once
: sufﬁc1ent b1omass and detntus had accrued it would facrhtate nutrlent cychng and buffer fluxes
' ’1n nutrient supply for streams hav1ng low nutr1ent concentratlon (Mulholland etal. 1991)
‘Prev1ous work by Benenat1 et al (2000) had ldentlfied that the hypol1mnet1c ﬂows of Colorado |
' River were at or below detectable levels. D1sturbance (ﬂoodmg, flow vanatlon and des1ccatlon) |
rnay arrest successional shifts in phytobenthm composition (Whltton 1970; Power and Stewart |
1987, Dudley and D’ Antonro 1991; Blinn et al 1998) However nutrient supply was consrdered ‘
less 1mportant in systems with frequent d1sturbance because 11m1tat10ns in ava11ab111ty would not
'function as the p\rimaryf factor’ precluding biomass a<:cretion from reaching fits’ steady state
condition (Mulholland et al. 1991).‘ As a result of stabili‘zed\ ﬂow; conditions, the higher detrital :
o and snail levels exhibited on the Control may have provided greater nutrient availability and

cycling.
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Sloughing
Export of algae via drlft was h1gh in grazed streams under hrgh 1rrad1ant levels where

‘/ snails sloughed and drslodged perlphyton (Lambert1 etal 1989) This was cons1dered amajor |

B mechamsm responsrble for algal export Although, the sloughmg process has been attrlbuted to

: seasonal loss in standlng blomass and shifts in commumty physmgnomy (Stevenson and H

'Stoermer 1982 Osenberg 1989) as well as facrlltatrng enhanced growth due to 1ncreased lrght
: J , nutrlent cycling and removal of eplphytes. : Mulholland etal '(1991) 1dent1ﬁed that blomass -
accretion var1ed ep1sod1cally due to large-scale sloughmg of penphyton Yet it does not seem
: hkely that snarl grazmg was the maj or factor respons1ble for the oscﬂlatmg perrodrc1ty in loss and '
- growth of blomass Varlatlon in dlscharge can result in turbulent ﬂow that exert shear forces :
drrected onto algal mats sufficient enough‘ to cause substantial blomass loss (Lambem et dl
;1987 Osenberg 1989 Bhnn et al 1995) However eprsodlc or 1ncremental dr1ft due to varrauon o
in hydrauhc force could not have been responsrble for the perlod1c osc1llatlons observed for
Cladophor,a (Mulholland etal. (‘1 994; Shannon et al. 1996). Slnce durmg most of the |
experimentalperiod(discharge remained constant (227 m? s'l)./'Rather, it is pOSElble that
incremental accretion and encrustation of eplphytes could have struéturally altered:the turbulent o
flow characteristics (1e, surface roughness and load), or increased cumulative damag‘ey to
} sUpportlng ﬁlamentsby Shear forces (Dudley and D’Antonio 1991; Power and Stewart' 1987)
| Mature algal matsof Clacr’ophora developed thicker cellular walls (BrOnmark etal 1 991, Wilson .
‘ et'al 1999) and were more resistan’t to herbivory (Moore 19755 'fet were also moreprone to »
sloughmg of senescent growth (Dudley and D’ Antomo 1991), especrally hlghly eplphytrzed |

k clumps of Cladophora (Dudley 1992)
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CONCLUSION

| Results from these experirnents have provided us with: a better understanding how the
phytobenthic and,macroinvertebrate COmrnunity might respond to flow conditions during;peﬁods "
’, of inundation and ‘re-inundation.’ These differential rates in coloni_zation will improve our
| capabilities to predict benthic response'. The colonization experiments have demonstrated that
viable holdfast structures are the rnost,probable mode of recolonization in the yarial:zone,
‘following effects from atmospherlc exposure or ph};sical abrasion due to variation in vﬂo‘uv br; N
sediment discharge.f rAlthough, it does not preclude colonization to occur by other modés such as
zoospore production, neither colOnizationkmode will lead to a rapid ’recoveryresponse after,a_ /
‘hydrological dismrbance. However, it 1s unclear, though probable that the recovery response for |
both the phytobenthicfandk‘macroinve\rtebrate community was attenuated to some degree by the /4 N
presence of herbiuorous snails. ‘Differences  among treatments would suggest that algal |
susceptlblllty to snail grazmg was dependent on the different colomzatlon modes at earller stages o
~of development In considering benthic colomzatron response by all treatments it appears there |
was insufﬁci’ent time for the benthos to reach density or biomass levels that were equ1valent to
~ that of the Control At present we can only postulate whether the observed response |
demonstrated an 1nteractron betWeen herblvore structural substrate and a potentlal food resource.

‘ For this reason, add1t10na1 studles need to be conducted to determme ‘whether or not tlus taxon

 will continue to demonstrate an ecological release to flow stabilization.
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Fig. 2. Plot of the average periphyton biomass accreted for treatments (T1, T2 and
T3), across 11 sampling periods, representative of (A) T1 and T2, total mean
periphyton biomass, (B) T3, mean biomass for Cladophora and MAMB. Values are
expressed in AFDM (g m? + 1 SE, n = 20)
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Fig. 3. Plot of the average detrital accumulation for the Control and T3, across 11
sampling periods, representative of (A) mean detritus, (B) variance around the mean
detrital biomass for a given sampling period. Values are expressed in AFDM (g m? +
1 SE, n=20)
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Fig. 4. The distribution of the phytobenthic biomass (AFDM, g m?) for the Control, across
11 sampling periods, (A) total mean phytobenthic biomass, (+ 1 SE, n = 20), (B)
compositional separation representing; Cladophora (Clad), muscillagenous algae (MUSC),
miscelllaneous algae (MA) and bryophytes (BRYO).
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Fig. 5. Plot of snail biomass, and density distributed across 11 sampling periods
among treatments T1 and T2, (A) mean biomass AFDM (g m?), (B) mean density
(org * 103 m?). Standard error (+ 1 SE, n = 20).
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Fig. 6. Intra-sampling variance plotted for Cladophora biomass and snail biomass and
density across 11 sampling periods reflecting differences among treatment T3 and the
Control, (A) T3 variance , (B) Control variance. Standard error (+ 1 SE, n = 20) for
AFDM (g m?) and density (org * 10> m?2).
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Fig. 8. Plot of Cladophora and snail biomass distributed across 11 sampling periods
among T3 and the Control, (A) Control mean biomass , (B) T3 mean biomass. Values

are expressed in AFDM (g m? + 1; SE, n=20)
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Fig. 10. Plot of the sampling distribution for the Control, across 11 sampling periods
between average Cladophora and snail biomass (AFDM (g m?), (A) mean biomass,
(= 1 SE, n=20), (B) variance around the mean biomass for a given sampling period.
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Table 1.

values (g m?) used were developed by 2Shannon et al. (2000)

'TAXON

DETRITUS

52 .

!CATEGORIES
. INVERTEBRATES '
Annelida ‘
~ Lumbriculidae 1
Oligochaeta
Tubificidae 2
“Amphipoda - :
Gammaridae ) .
Gammarus lacustris -3
Diptera
Simulidae 4
Chironomidae 5
Gastropoda R
“Physella sp. 9
MISCELLANEOUS INVERTEBRATES :
Ostracoda 6
Trichoptera 6
: Enchytraeidae 6
PHYTOBENTHOS '
Chlorophyta -
Cladophoraceae )
Cladophora sp. 7
Ulotrichaceae
: Ulothrix sp. 13
Zygnemataceae B
‘ Mougeotia sp. 13
Yo Spirogyra sp. 13
‘Cyanophyta
Oscillatoriaceae
L Oscillatoria 10
‘ MISCELLANEOUS ALGAE :
Chrysophyta
. Gomphonemaceae ,
Gomphonema spp. 11
'Rhodophyta )
Batrachospermaceae ‘
‘ Batrachospermum spp. 11
Chantransiaceae ' A
Rhodochorton sp. 11
. Chlorophyta i
Characeae
: Chara contraria 15
Bryophyta C
~ Fontinalaceae )
- Fontinalis spp. 12
Potomogetonaceae
Potomogeton pectmatus 14
8

' COMMON NAME / CHARACTERISTICS( '

Detritus

Categorical llstmg of most common taxon collected in the field and sorted to 15 categorles using a
modified method developed by 'Blinn et al (1998). Conversions for ash-free drled mass (AFDM)

2AFDM CONVER:

Lumbriculids 0.73525
 Tubificids 0.76251
'Gammarus 10.69989
" Black-flies 0.59603
Chironomids 0f825'93
Snails 3 023328
Ostracods 0.60774
Caddisfly 1060774
Flatworm (Turbellaria) 0.60774
Filamentous branched algae 10.35606
Mucilaginousﬁlamentous branched algae (MAMB)  0.37312 :
Muc1lagmous ﬁlamentous branched algae (MAMB) 0.37312 ‘
Mucilaginous filamentous branched algae (MAMB) - 037312
Blue-green algal crust - 0.14839
Colonial gelatinous stalks (MAMB) 037312
(MAMB) 0.37312
(MAMB) 0.37312
(MAMB) 037312
Bryophytes (MAMB) 0.37312
~ Potomogeton (MAMB) 1037312
0.45363



Table 2 Results of primary production rates are derived from empmcal measurements of quantum oxygen yield
~ relative to underwater irradiance, biomass and temperature. Productlon estimates are modeled from
gross production and respiration rates (light and dark) using equxvalent environmental conditions present g
at the site. Parameters took into account apparent optical properties (Ky = 0.28), PPFD: umol m? s
, angle of incidence (G) transect depth (m), 12°C, and quantum efficiency 1.2.. Reported here are the
~ mean rate estimates of production relative to both biomass- specxﬁc and area-spec1ﬁc productlon
estlmated for the three different treatments and Control ,

PRIMARY PRODUCTION RATES

- Description :
Tl & T2 AFDM: 0. 145 gC m?
Biomass specific production
mg 0, gC"' m?h’!
mgC gC'm?h’

Area specific production
mgO,m?h’
mgC m?h'
mg C m?d"
TotalgC m?

Descrzptton ‘
T3 AFDM: 55. 8 gC m?
Blomass speclﬁc productlon
mg 0, gC' m2h’!
~mg C \gC" mZh!

Area specific productlon
- mg O, m?h’!
mgC m*h!
mgc m-z d-l .
- TotalgC m?

Descrzptlon
- Control AFDM: 175 gC m?
Biomass specific production
mg O, gC"' m?h’!
mgC gC'm?h!

Area specific productlon
mg O, m?h! '
mgC m?h!

‘mgC m?d'
Total g C m?

Net Photosynthesis Rate

NP Rate s
Avg .~ Max  Daily
1322 1682 = -
1.02 1401 -
220 236 -
183 1.96 o o
- - 2783

- - -

~ Net PhotosynthesisRate

NP Rate
~Avg ~ Max  Daily
998 1359 -

8.32 1133 -
6018 6909 -
501.5 576 C-
- - 71657
, Net Photosynthesns Rate
NP Rate
Avg .~ Max Daily
4.09 7.70 -
341 - 642 -
6794 1,099 -
'566.2 . 916.9 -
- - 8,867

B Net anary Productlon Rate

‘ NPP Rate Total -
Avg ~ Daily = Carbon

793 - -
661 - -

128 - -
- 21
- 27

Net Primary Production :Rate,
* NPPRate - Total

" Avg  Daily  Carbon
584 - -
487 - -
3396 - -
- 6814 -

- - nss

Net Prlmary Productlon Rate -
NPP Rate Total =

B Avg  Daily  Carbon
203 - -
30003 - -
- 606 -
- 637.0
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