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Project Summary
Observational surveys and experimental rock transplants were conducted within the
Delaware River to document the phenology of Didymosphenia geminata blooms and to evaluate
the effects of different nutrient regimes on stalk formation and bloom development. The
observational surveys began in October 2012 and continued through May 2013. They showed
no D.geminata colonies in the Lower Delaware River prior to April 2013, although substantial
blooms of the related stalked diatom, Gomphoneis sp., were documented from November 2012
through January 2013 in the lower-nutrient zone upstream of the Lehigh River confluence.
D.geminata was first observed on April 10th, 2013, with a longitudinal pattern of earlier and
stronger growth at upstream sites and a progression of development downstream. By late May
2013, however, a reversal of this longitudinal development was observed, with the long-stalked
colonies retreating upstream to sites above the Lower Delaware. At no time were the short-stalk
colonies of D.geminata, first observed in 2012 below the Lehigh River confluence, documented
in 2013. The experimental transplant of D.geminata colonies within the Delaware River initially
looked promising when begun in early May 2013. But the experiment coincided with the retreat,
or waning, of the D.geminata blooms in the Lower Delaware, and visually distinct D.geminata
colonies failed to persist under all experimental treatments, as well as at unmanipulated
background rocks above the Lehigh confluence.
This study highlights a number of interesting patterns about the growth of dense blooms of
stalked diatoms. First, the formation of stalked D.geminata colonies in the Lower Delaware
River began in early spring, with no stalked colonies observed through the colder fall and winter
months. It is important to note, however, that the timing of D.geminata growth in the Lower
Delaware may be different here than in the upstream sections of the Upper and Middle Delaware
River, particularly tailwater sections with stable cold-water releases from reservoirs. Second,
areas of long-stalk D.geminata were generally associated with soluble reactive phosphorus (SRP;
aka, dissolved orthophosphate or dissolved reactive phosphorus [DRP]) concentrations below 10
μg/L. Previous research in New Zealand has indicated a SRP threshold of 2 μg/L for the
inducement of stalk production. Our limited observational and experimental work is not yet
sufficient to rigorously establish a similar SRP for the Delaware River. Yet it is worth noting the
observed patterns in the Delaware during 2013 and highlighting the potential for different
phosphorus thresholds for stalk formation in different environmental settings. Finally, extensive
mat coverage by other stalked diatoms can occur in the Delaware River. Previous observations
have shown Cymbella mexicana blooms in the Upper Delaware River and its tributaries. In the
Lower Delaware, heavy coverage by Gomphoneis sp. was observed from November 2012
through January 2013. These observations of additional stalked diatom blooms raise important
questions about the likely ecological role and effects of seasonal blooms of D.geminata and other
stalked diatoms.
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I. Background
The stalked diatom, Didymosphenia geminata, can elicit strong reactions from those working in
and around streams through many areas of the globe. With the catchy and evocative nickname “rock
snot” and with the extraordinary photos (www.biosecurity.govt.nz/pests/didymo/photos) emerging
from the New Zealand invasion, it has been easy to imagine and easy to communicate the potential
collapse of fisheries and the broader impacts to the benthic ecology of these streams and rivers.
The biology of this species has been reviewed elsewhere (see Spaulding and Elwell 2007,
Whitton et al. 2009) so a detailed review here is unnecessary. A few key facts are worth
emphasizing, however. The stalked diatom Didymosphenia geminata (Didymo1) is currently placed
within the family Cymbellaceae along with the genera Cymbella, Encyonema, and Reimeria
(Kociolek and Spaulding 2003b). It was first described in 1819 from the Faroe Islands between
Iceland, Norway, and Scotland, and has been recognized as a native species in North America,
Europe, and Asia, with possible historic populations in South America, as well. Copious production
of extracellular stalks gives Didymo its distinctive reputation, with the potential for continuous
coverage of the benthos by mats of stalked Didymo as much as 20 cm (8 inches) thick. Although
blooms of Didymo have been noted historically, increased reports of Didymo blooms over the past
few decades were punctuated by the extraordinary growths of Didymo stalks during the invasion of
South Island, New Zealand, beginning in 2004. This invasion of New Zealand rivers led to
heightened awareness worldwide of the risks from Didymo introductions, and increased vigilance
for both preventing the spread and for detecting new populations of D.geminata.
With research on Didymo extending back decades, a fair amount is known about the biology
and ecology of this particular stalked diatom. Yet uncertainty surrounds many aspects of the
Didymo landscape (Spaulding and Elwell 2007, Cullis et al. 2012). Most importantly, the
ecological ramifications from large Didymo blooms remain in doubt. On the one hand, shifts in
benthic macroinvertebrate communities have been documented for large Didymo blooms, with
increased abundance of small-bodied and wormlike groups (e.g., Chironomidae, Oligocheata)
and possible decreased abundance of larger-bodies invertebrates (Kilroy et al. 2009, Gillis and
Chalifour 2010, James et al. 2010, Taylor 2013). But because Didymo blooms are often
documented in low-nutrient, cold-water habitats with economically important trout or other
Salmonidae fisheries, the decline or collapse of these fisheries is often the main risk mobilizing
both scientists and anglers in a “call to action.” Heavy Didymo blooms certainly create a
nuisance for anglers, with heavy stalk growth fouling lines, lures, and flies on every cast. But
the effect on trout populations themselves remains less clear, with sparse and often inconclusive
documentation of strong declines associated with the Didymo blooms (e.g., James 2011; see also
Synopsis in Bothwell and Spaulding 2008)
Complicating the evaluation of ecological effects is a mistaken presumption that D.geminata is
unique among diatoms in its ability to form dense mats of stalk material. Instead, D.geminata is but
1

Note that we will regularly refer to D.geminata as “Didymo” in this report even though multiple species exist in
other regions of the world within the genus Didymosphenia (Whitton et al. 2009)
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one of many stalk-producing diatoms, with at least some of these other stalk-producers capable of
creating full benthic mats that are essentially indistinguishable from D.geminata blooms without the
aid of a microscope (see Phenological Surveys section below). Among the additional stalk-forming
diatoms are species in the families Naviculaceae, Eunotiaceae, Cymbellaceae, Gomphonemataceae,
and Rhoicospheniaceae, including the genera Brachysira, Cymbella, Eunotia, Gomphoneis,
Gomphonema, and Rhoicospheia (Kociolek and Spaulding 2003a, Kociolek and Spaulding 2003b).
Note that numerous species within these genera have been documented from the Delaware River by
the DRBC (Limbeck and Smith 2007, R.L. Limbeck unpublished data).
Equally important, and related to the question of ecological effects, the status of D.geminata as a
non-native invasive species also remains controversial and uncertain. In North America, D.geminata
populations have been documented in streams and lakes for decades and more (e.g., Pite et al. 2009).
The biosecurity response to the Didymo invasion of South Island, New Zealand, however, focused
on human-mediated spread of populations, including by the angling community. As a result, the
discovery of Didymo blooms in other areas has frequently been associated with human-mediated
transport and the assumption that D.geminata was a non-native and/or invasive species (e.g., Bergey
et al. 2009, Bothwell et al. 2009, Gillis and Chalifour 2010, James et al. 2010). Yet in the eastern
United States, at least, early records of D.geminata in Philadelphia (Boyer 1916) and Virginia
(Woodson and Holman 1964) provide some evidence that the historic range of this diatom may have
included many rivers and streams where recent blooms have been perceived as new introductions,
including the Delaware River. One potential resolution to these conflicting accounts is the
possibility that a unique or hybrid genetic strain of D.geminata has been the source of the recent
blooms (Spaulding and Elwell 2007, Whitton et al. 2009), a phenomenon already documented in the
eastern United States with the invasive hybrid of the common reed, Phragmites australis (Saltonstall
2002). Another possibility is that more scientists and anglers are scrutinizing the epibenthic
periphyton assemblage more carefully, leading to increased detection of established populations. At
the present time, though, the status of D.geminata as a native species or a non-native invasive
remains unresolved for many of the bloom populations.
In the summer of 2007, within the context of this growing recognition of D.geminata as a nonnative invasive species (at least in some parts of the world) and with the potential for serious
ecological impacts of large blooms, scientists independently documented long-stalk blooms of
D.geminata from the Delaware River and its tributaries, as well as from a number of additional cold
water streams and rivers in the northeastern United States. First, at the beginning of June 2007, Dr.
Marina Potapova from the Academy of Natural Sciences of Drexel University documented extensive
coverage of D.geminata in the mainstem Delaware River near Callicoon, NY (River Mile2 [RM]
303). Tim Daley, a Water Pollution Biologists from PADEP, also discovered Didymo populations
during the summer of 2007 in the mainstem Delaware River and the East and West Branches, with
particularly heavy growth on the East Branch Delaware River. Finally, a September 2007 sample by
Ethan Nedeau from the East Branch Delaware River was confirmed by A.J. Smith of NYSDEC as a
third independent discovery of the 2007 Didymo bloom in the Delaware (see Figure 1).
2
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But the Delaware River was not the only source of Didymo activity in 2007. D.geminata had
been confirmed in the Batten Kill in the summer of 2007, a tributary to the Hudson River originating
in Vermont and continuing to its Hudson R. confluence in New York. In 2007, Didymo had also
been found in the mainstem Connecticut River along the border of Vermont and New Hampshire,
and in the White River in New Hampshire. This suite of records, from Pennsylvania through New
York and into Vermont and New Hampshire, were the first recent reports for long-stalked Didymo
blooms within the northeastern United States (see timetable in Spaulding and Elwell 2007).
Subsequent years have continued to document populations of D.geminata in a number of additional
northeastern rivers, from the Gunpowder River in Maryland, to the Youghiogheny River and
Susquehanna tributaries in Pennsylvania, to the Farmington River in Connecticut.
For the Delaware River itself, continued observations since 2007 have revealed apparent changes
in Didymo’s distribution and abundance. In particular, the spring of 2012 was noteworthy because
of the spatial extent of the Didymo bloom and the existence of both short-stalk and long-stalk
blooms within the Delaware River. During April 2012, scientists from DRBC, PADEP, and the
National Park Service confirmed a large bloom of Didymo that extended far beyond the typical
“tailwaters” section of the Upper Delaware River3. Instead, extensive coverage by long-stalk
D.geminata mats were documented in April 2012 from the East and West Branches, down through
the Upper Delaware and Delaware Watergap National Recreation Area, and into the Lower
Delaware Scenic and Recreational River, covering over 100 miles of river.
The short-stalk blooms of D.geminata in spring 2012 were particularly intriguing. During 2012,
the first author continued surveys into the higher-nutrient waters of the Delaware R. below the
Lehigh River confluence. Initially, because no mats of long-stalk Didymo were observed, these sites
were thought to lack Didymo populations. Instead, the retrieval of individual rocks from two sites
and the examination of these rocks under dissecting and compound microscopes revealed extensive
coverage of stalked D.geminata colonies, but with stalks only extending a short distance above the
rock’s surface (see Photo 1). To our knowledge, such heavy coverage by short-stalk D.geminata has
not been previously reported (but see comments and in Kilroy and Bothwell 2011).
The contrast in stalk formation during the spring of 2012 within the Delaware River highlighted
an opportunity to follow up on research emerging from New Zealand. The work by Kilroy and
Bothwell identified low concentrations of inorganic phosphorus, when combined with high light, as
the key stimulus for D.geminata to reduce cell division rates and increase stalk production to
excessive levels (Bothwell and Kilroy 2011, Kilroy and Bothwell 2011, Kilroy and Bothwell 2012).
Our observations on the Delaware River in 2012 were consistent with this pattern, and the natural
break in nutrient concentrations at the Lehigh River confluence provided an opportunity to test
whether stalk formation could be induced or suppressed with varying nutrient concentrations, and to
possibly identify the nutrient regimes under which long-stalk and short-stalk forms of Didymo
prevailed.

3

DRBC uses the convention from the Wild & Scenic River designations for the Upper, Middle, and Lower
Delaware; see delawareriverwatertrail.org and Figure 1
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Figure 1.

Map of Delaware River above the head-of-tide showing the Lehigh River
confluence (RM 183.66) and the two sites for observational and
experimental work with Didymosphenia geminata; two additional key
survey sites are also indicated (a=Bushkill access; b=Columbia, NJ).
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II. Phenological Surveys
D.geminata has historically been considered a diatom of cold, oligotrophic waters (Spaulding
and Elwell 2007, Whitton et al. 2009). For the Delaware River, the timing of DRBC’s traditional
periphyton and macroinvertebrate surveys during low-flow periods of August/September mean
that the bulk of our recent data collections have been in periods when water temperatures are
typically greater than 20°C. At this time of year, we are thus unlikely to encounter extensive
Didymo blooms, except in the tailwater zones below Cannonsville Reservoir on the West Branch
and Pepacton Reservoir on the East Branch Delaware River.
Whitton et al. (2009) described the development of stalked and non-stalked forms of Didymo
through different seasons in northern England, where D.geminata occurred as a non-stalked
motile diatom during the winter and then began to form stalked colonies in early spring. These
authors cite the work of Beltrami et al (2008), as well, where stalked D.geminata persisted
through the winter under ice in northern Italy.
In an effort to both understand the timing of D.geminata blooms in the Delaware River and
to prepare for the experimental work described in the next section, the first author conducted
qualitative surveys throughout the fall, winter, and spring of 2012-2013 that spanned the nutrient
gradient in the Delaware River (this nutrient pattern is explained at the beginning of the
Transplant Experiment section below). Surveys focused on one site each above and below the
Lehigh River confluence within the Lower Delaware River, although additional sites were
periodically monitored for verification and extrapolation. These two primary sites are the same
as those used in the experimental work described below: Masons Island (River Mile 194) above
the Lehigh River confluence; and Raubs Island (River Mile 178) located 6 miles downstream
from the Lehigh confluence (Figure 1). Surveys were conducted at one or more sites on the
following dates:











October 10, 2012
November 29, 2012
January 11, 2013
February 21, 2013
March 7, 2013
March 20, 2013
April 10, 2013
April 25, 2013
May 18, 2013
May 24, 2013
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Survey methods generally follow those developed by a working group of DRBC biologists
(Erik Silldorff, Bob Limbeck) and National Park Service biologists (Al Ambler, Rich Evans,
Don Hamilton, Jaime Myers, Jessica Newbern) as part of a coordinated effort to evaluate the
extent and condition of Didymo blooms in the Delaware River. During each visit, areas of run
and riffle habitat were surveyed using a drysuit and mask/snorkel to first evaluate the periphyton
cover and the status of biofilms. Individual rocks representing different habitats and different
algal densities were then selected, labeled, and placed in coolers for transport back to the lab.
Typically, 3 to 5 individual rocks spanning a range of conditions were selected for each site on
each visit. Underwater photos were taken of the overall algal coverage at each site, with
additional photos of the selected rocks as needed.
In the lab, rocks were scanned under low magnification (10x to 50x) using a dissecting
microscope to observe the biofilms directly and to examine the nature and length of any stalked
diatoms, including but not limited to D.geminata. Multiple areas from each rock were then
scraped and individually wet-mounted on microscope slides, with particular emphasis again on
colonies of stalked diatoms. These slide mounts were then examined at 100x to 400x
magnification to first identify the presence/absence of D.geminata (both stalked and free-living
forms) and then to additionally note the presence of other similar stalked diatom genera.
Before discussing our results from these surveys, we wish to highlight the value and insight
gained by collecting whole rocks for microscopic examination. The nature of the biofilms, the
condition of the stalked diatom colonies, and the overall patterns of colonization and growth
could not have been observed and understood without the direct examination of the rocks
themselves under low magnification. We recommend that, where feasible, such techniques
become a standard approach for evaluations of stalked diatom blooms.
The results from these 2012-2013 surveys (see Figure 2 for flows during surveys) revealed
important patterns on the phenology of both D.geminata as well as other stalked diatoms forming
extensive mats on rocks in the Delaware River. First, neither individual living cells of
D.geminata nor full colonies were observed in any of the surveys prior to April 10th, 2013. By
this early April date, D.geminata had begun to form small colonies above the Lehigh River
confluence, both at the Masons Is. site (RM 194) as well as upstream at Columbia, NJ (RM 208)
(see Figure 1). On this date, the colonies were generally sparse and initially no colonies were
apparent via the visual mask/snorkel searches. However, toward the end of the survey at
Columbia, NJ, a single rock was noticed with tiny potential patches, and then a few additional
rocks were seen which contained these same small colonies, later confirmed in the lab as
D.geminata. In addition, of the 5 rocks initially collected at Columbia, NJ (only the last of
which had apparent D.geminata colonies), the examination of all 5 rocks under the dissecting
scope revealed a few small nascent colonies of stalked D.geminata on the 4 rocks that had not
been flagged as having Didymo in the field, and then more developed stalked colonies on the
rock identified in the field with distinct colonies. Further downstream at the Masons Is. site,
visual surveys did not detect any Didymo colonies in the field during the early April survey, but
2 of the 5 collected rocks were found to contain sparse, nascent D.geminata colonies using the
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dissecting and compound microscopes. This pattern of earlier and stronger growth of Didymo
colonies at upstream sites compared to downstream sites would continue to be seen through the
rest of April and May 2013.
The second survey in April 2013 showed continued development of the Didymo colonies at
the Columbia, NJ, site and the Masons Is. site. At the Columbia site, colonies were easily
detected in the visual field surveys throughout the site, and all rocks collected were confirmed to
have small D.geminata colonies. At the Masons Is. site, visual surveys in the field were similar
to the early-April surveys at Columbia, where most areas surveyed failed to reveal distinct
Didymo colonies, but areas with rocks containing visually distinct colonies were finally found
toward the end of the survey. All Masons Is. rocks were confirmed as having nascent to small
D.geminata colonies in the lab, both on the rocks flagged in the field as containing colonies and
the rocks which initially looked devoid of colonies in field observations. By early May when the
experimental manipulations were initiated, the Masons Is. site looked similar to the Columbia
site in late April, with numerous distinct colonies clearly seen on many of the rocks at this site
(see Photo 2).
Finally, in terms of the phenology, two additional surveys conducted in May at sites further
upstream help to put the experimental results in context and also document the end to the
observed 2013 D.geminata growth in the Lower Delaware. On May 18th, multiple sites in the
Upper and Middle Delaware (ranging from RM 290 down to RM 228) were surveyed visually.
These showed stronger development of the Didymo colonies than seen downstream at the
Columbia, NJ, site or the Masons Is. site. The May 18th surveys in the Upper and Middle
Delaware occurred after the modest rise in water during mid-May (see Figure 3). While the May
22nd surveys at Masons Is. and Raubs Is. showed failure of both background and experimental
Didymo colonies (see Results section of Transplant Experiment below), the sites in the Upper
and Middle Delaware persisted with moderately strong growth of Didymo on the May 18th
survey date (note: although Didymo growth was not as strong as in the spring of 2012, it was
stronger than seen downstream thus far in 2013). Rich Evans from the National Park Service
had reported moderately strong growth of long-stalked Didymo colonies and mats at multiple
sites in the Delaware Watergap National Recreation Area (aka, Middle Delaware) on May 3,
2013. Don Hamilton from the National Park Service had likewise reported substantial growth of
long-stalk Didymo by 10-April-2013 in the Upper Delaware (RM 303), although surveys on 5March-2013 showed much less growth.
Return visits by the first author to the Columbia, NJ, site and the Bushkill access site (RM
228) on May 24th emphasized the longitudinal pattern of Didymo development, with no visible
colonies at the Columbia site (and yet sparse detection in the lab) and moderately strong colonies
continuing to persist at the Bushkill site. This survey occurred 2 days following the efforts to
quantitatively measure the progress of stalk growth and development on experimental rocks at
Raubs Is. and Masons Is. (see Transplant Experiment below), but where neither colonies on the
experimental rocks nor any background rocks at the Masons Is. could be found with visible
Didymo colonies. Thus, again, as the D.geminata bloom began to wane in late spring 2013, it
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appeared to do so in a reversal of the longitudinal development pattern, with sites further
downstream showing faster and more complete cessation of stalked D.geminata colonies than
sites sampled at the same time further upstream.
Blooms of D.geminata, however, were not the only stalked diatom blooms observed in the
Delaware River during the fall and winter of 2012-2013. Beginning with the October 2012
survey, growing populations of a different stalked diatom (later identified as Gomphoneis sp. by
Frank Acker at the Academy of Natural of Drexel University) began to appear at the Masons Is.
site. By the November 2012 and January 2013 surveys, this Gomphoneis sp. bloom at Masons
Is. (Photo 3) looked indistinguishable from the D.geminata blooms seen in April 2012, and the
Gomphoneis bloom covered large areas of the riverbed at the Masons Is. site (Photo 4). The first
author’s initial reaction upon seeing the extensive coverage of a stalked diatom was that Didymo
had returned early in the fall of 2012 and would likely persist through the winter. It was only
after examining the material in the lab that the distinction between Gomphoneis and D.geminata
could be made, with this species (or multiple species) of Gomphoneis much smaller (~4x) than
the 100 μm D.geminata cells, which are noted for their distinctive shape and extraordinarily
large size. It is important to note that Gomphoneis sp. is also not the only stalked diatom bloom
(other than D.geminata) that has been observed in the Delaware River. Since at least 2007,
frequent blooms of Cymbella mexicana have been observed by National Park Service, DRBC,
and PADEP biologists in the West Branch Delaware River near Hancock, NY. Like the
Gomphoneis blooms described here, those Cymbella mexicana blooms are difficult to distinguish
from D.geminata blooms while in the field. All of these stalked diatoms have a wet-cotton or
wet-wool feel to the stalks when the water is squeezed from them, and the golden-brown color of
the cells on the outside of a colony and the white color of the stalks on the inside of the colony
likewise appear like a typical patch of D.geminata (see Photo 3).
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III. Transplant Experiment
The results from 2012 surveys on the Didymo bloom strongly suggested that, as has been
found in New Zealand, problematic stalk formation occurs only under low phosphorus regimes
(Bothwell and Kilroy 2011, Kilroy and Bothwell 2011, Kilroy and Bothwell 2012), a paradox for
nuisance algal blooms that has been highlighted by multiple authors (e.g., Spaulding and Elwell
2007, Cullis et al. 2012). For the Delaware River, such low phosphorus regimes persist along the
mainstem from its origins in Hancock, NY, where the East Branch Delaware River and West
Branch Delaware River join (median TP=7 μg/L; median orthophosphate=3 μg/L at Lordville,
NY; RM 322) down through the Delaware Watergap National Recreation Area (median TP=16
μg/L; median orthophosphate=8 μg/L at the Gap itself; RM 211), and to the area immediately
above the Lehigh River confluence (median TP=16 μg/L; median orthophosphate=10 μg/L at
Easton-Phillipsburg; RM 184) [note: data from R.L. Limbeck, DRBC, unpublished]. With the
Lehigh River at substantially higher phosphorus concentrations (median TP=106 μg/L; median
orthophosphate=79 μg/L at Easton), nutrient regimes become elevated in the Delaware below the
Lehigh confluence (median TP=44 μg/L; median orthophosphate=33 μg/L at Riegelsville; RM
175), and remain at these elevated levels to the head-of-tide (median TP=40 μg/L; median
orthophosphate=26 μg/L at Trenton; RM 134) [note: data again from R.L. Limbeck, DRBC,
unpublished].
The experiment conducted in 2013 sought to demonstrate whether the problematic formation
of extensive stalk material could be experimentally linked to phosphorus regimes by
transplanting rocks among sites from within the Delaware River, with corresponding samples
taken for nutrients chemistry in order to identify the threshold (or range) for inducement of
problematic stalk formation. Rocks with Didymo from a lower-phosphorus site above the
Lehigh confluence were transplanted to a site with higher phosphorus below the Lehigh, and the
progress of these Didymo stalks was monitored over 4 weeks. Similarly, rocks from the higherphosphorus site below the Lehigh confluence were transplanted to a site with lower phosphorus
above the Lehigh and then monitored over 4 weeks.

A. Methods
The transplant experiment was conducted in May 2013 at two sites on the Delaware River.
The lower-nutrient site above the Lehigh River confluence (i.e., River Mile [RM] 183.66) was
established at Masons Island (RM 194; see Figure 1). The higher-nutrient site was established 6
miles downstream of the Lehigh confluence at Raubs Island (RM 178); note that Raubs Is. is
near the downstream limit of the mixing zone for the Lehigh River (E.L. Silldorff and M.M.
Swann unpublished data).
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Transplant of Didymo Rocks from Masons Is. to Raubs Is.
The experiment was initiated on May 1st, 2013, following the April 25th survey indicating
consistent growth of stalked Didymosphenia geminata on all of the sampled rocks at the
upstream low-nutrient site (Masons Is.). A total of 16 individual cobble-to-boulder sized rocks
were selected because they each contained multiple Didymo colonies on their surface that could
readily be identified and measured (see Photo 2). All selected Didymo rocks were collected in
an area of run / riffle with light to moderate flows (1.0 to 2.0 ft/sec current velocity at 6/10ths
depth). These 16 rocks were divided into pairs of rocks containing relatively similar overall
Didymo growth, with the experimental treatments assigned by randomizing the “control” versus
“transplant” treatment within each pair of rocks.
The 8 “transplant” rocks from Masons Is. were transferred to large coolers containing
sufficient water to entirely submerge all rocks, and the rocks were stabilized within the coolers
using smaller stones and materials. These 8 rocks were then transported by car to the
downstream site (Raubs Island). A run habitat above a faster riffle was selected for the
transplant location because of both suitable flows (1.0 to 2.0 ft/sec at 6/10ths depth) and safe
access at variable discharge conditions. The 8 rocks were then spaced out relatively evenly
across the run, and a labeled clay tile was placed under each transplanted rock. Additional
smaller rocks were then piled around the transplant rock for added stability and to hide the
location of the clay marker tile. GPS coordinates for the transplant location were recorded, and
metal stakes were driven into the substrate at the limits of the transplant plot.
For each individual transplanted rock, the stalk length of distinct Didymo colonies was
recorded following all handling and transport of the rocks once they were established at their
transplant location. Measurements were made underwater using a sewing gauge (see photo 2),
with stalk length being measured from colony base to colony tip and recorded to the nearest
millimeter. Numerous photos were taken of each rock to document the status of the biofilms and
the Didymo colonies upon setup, as well as to facilitate the confirmation of stone identity should
any disturbance occur. Due to cold water conditions and possible exposure, all measurements
and photos were made using a dry suit and mask/snorkel combination for clear and patient
observations of the Didymo colonies.

Treatment of “Control” Didymo Rocks from Masons Is.
The 8 “control” rocks from Mason Is. were handled in a similar fashion to the transplant
rocks in order to eliminate any potential for a treatment artifact attributable to handling itself.
On May 2nd, 2013, these 8 rocks were transferred to large coolers containing sufficient water to
entirely submerge all rocks, and the rocks were stabilized within the coolers using smaller stones
and materials. These 8 rocks were placed in the car, transported half-way to the downstream
Raubs Is. site, and then returned to the Masons Is. site. A run habitat was selected for the return
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location which was different from the original source location. This movement to a new location
was used for two reasons. First, the source location existed on a side-channel behind Masons Is.
which is subject to periodic drying; given the relatively dry spring (flows far below median
through much of March, April, and May; see Figure 3) such drying was a risk with the source
area. Second, we sought a run habitat that was comparable in flows to the experimental Raubs
Is. transplant site (1.0 to 2.0 ft/sec at 6/10ths depth) that would be relatively easy to access across
different discharges. Like the 8 transplant rocks, the 8 control rocks were then spaced out
relatively evenly across the run, with a labeled clay tile positioned under each rock and
additional smaller rocks piles around the tile and target rock to stabilize and camouflage the
position. GPS coordinates for the transplant location were then recorded and metal stakes were
driven into the substrate at the limits of the transplant plot. Like the transplant rocks, the distinct
Didymo colonies on these control rocks were measured underwater to the nearest millimeter
using a sewing gauge following all handling and transport. Numerous photos were taken of each
rock to document the status of the biofilms and the Didymo colonies upon setup.

Transplant of Rocks from Raubs Is. to Masons Is.
Unlike the Masons Is. site, surveys of the Raubs Is. site on April 25th, 2013, failed to
document any stalked colonies of Didymo, although a small number of non-stalked Didymo cells
were collected on April 25th at Raubs Is.. As a result, the original concept of transplanting shortstalked Didymo from the higher-phosphorus region below the Lehigh to the lower-phosphorus
region above the Lehigh could not be completed; no short-stalked colonies were available for
transplant. Instead, we kept the original overall study design but with a modified intent: rocks
from Raubs Is. were both transplanted to Masons Is. and treated similarly but returned to Raubs
Is. to examine the development of stalks of rocks from this section of river but exposed to
different nutrient regimes. We note that this lack of short-stalked Didymo did cause us to alter
the number of rocks manipulated in each setting compared to the original proposal. Instead of 10
transplant rocks and 4 control rocks at each site (14 total at each site and 28 overall), we opted
for a greater investment in rocks containing distinct Didymo colonies, choosing to run 8
transplant Didymo rocks and 8 control Didymo rocks, but then 6 transplant and 6 control rocks
from the Raubs Is. site; this retained the original concept of 28 total rocks in the experiment but
in different allocations.
At Raubs Is. on May 3rd, 2013, a total of 12 individual cobble-to-boulder sized rocks were
therefore selected based on size, shape, and overall condition of their biofilms. All selected
rocks were collected from the run with the transplanted Didymo rocks from Masons Is. and thus
in an area with light to moderate flows (1.0 to 2.0 ft/sec at 6/10ths depth). These 12 rocks were
divided into pairs of rocks containing relatively similar biofilm growth, and then the
experimental treatments were assigned by randomizing the “control” versus “transplant”
treatment within each pair of rocks.
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The 6 “transplant” rocks were transferred to large coolers containing sufficient water to
entirely submerge all rocks, and the rocks were stabilized within the coolers using smaller stones
and materials. These 6 rocks were transported to Masons Is. by car and were deployed in the
same run habitat with the “control” Didymo rocks from Masons Is. described above. The 6
transplant rocks were spaced out relatively evenly across the run, with a labeled clay tile
positioned under each rock and additional smaller rocks piles around the tile and target rock to
stabilize and camouflage the position. GPS coordinates for the transplant location were then
recorded and metal stakes were driven into the substrate at the limits of the transplant plot.
Because no Didymo colonies were identified on these rocks, no measurements of stalk length
were performed. Nevertheless, numerous photos were taken of each rock to document the status
of the biofilms upon setup, as well as to facilitate the confirmation of stone identity should any
disturbance occur to the site.

Treatment of “Control” Rocks from Raubs Is.
The 6 “control” rocks from Raubs Is. were handled in a similar fashion to the transplant
rocks in order to eliminate any potential for a treatment artifact attributable to handling itself.
On May 5th, 2013, these 6 control rocks were transferred to large coolers containing sufficient
water to entirely submerge all rocks, and the rocks were stabilized within the coolers using
smaller stones and materials. The 6 rocks were placed in the car, transported half-way to the
upstream Masons Is. site, and then returned to the Raubs Is. site and deployed in the same run as
the transplant Didymo rocks from the Masons Is site. The 6 transplant rocks were spaced out
relatively evenly across the run, with a labeled clay tile positioned under each rock and
additional smaller rocks piles around the tile and target rock to stabilize and camouflage the
position. GPS coordinates for the transplant location were then recorded and metal stakes were
driven into the substrate at the limits of the transplant plot. Because no Didymo colonies were
identified on these rocks, no measurements of stalk length were performed. Numerous photos
were taken of each rock to document the status of the biofilms upon setup.

Return Didymo Monitoring Visits
Return visits to all sites were made on the following dates to observe the Didymo colonies
and overall experimental setup:




May 5, 2013
May 10, 2013
May 22, 2013
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On May 5th, the Didymo colonies for both control and transplant rocks appeared to be strong
and healthy, with no substantive changes since experimental setup. Four (4) additional, nonexperimental rocks were collected from the Raubs Is. site and returned to the lab to determine
whether any greater development of Didymo colonies had begun. Indeed, increased Didymo
colonization was observed on May 5th when compared to the April 25th survey, including two
nascent stalked colonies of Didymo, one each on two separate rocks (no such colonies were
observed on April 25th at this site). However, these colonies were not discernable with the naked
eye, and even under low power magnification (10x-20x) recognition of these colonies was
difficult.
On May 10th, the discharge and the water level in the river had risen enough to limit access to
the experimental rocks (see Figures 3 and 4 for discharge at Belvidere and Trenton,
respectively). No measurements of Didymo stalk length were attempted at the Raubs Is. site
(where some limited access to the rocks was possible) or the Masons Is. site (where flows and
depths precluded any access to the rocks). No additional development of stalked Didymo
colonies was noted on any rocks at either site.
On May 22nd, we attempted to make detailed measurements of stalk growth and colony
development. Each control and transplant rock from both sites was located and examined
(exception: one control rock at Masons Is. had its labeled tile overturned and could therefore not
be located). For every rock collected, however, no discernable Didymo colonies were present in
any location. In addition, at the upstream Masons Is. site where Didymo colonies were common
on many rocks throughout the site just 3 weeks earlier, no distinct Didymo colonies could be
located on background rocks that had not been manipulated. Apparently, the increasing growth
of Didymo colonies noted throughout April and into May had been halted and then reversed.

Termination of Experiment & Lab Analyses
The experiment was terminated and the experimental rocks were collected from the river on
May 28th, 2013, for the Raubs Is. site and May 30th, 2013, for the Masons Is. site. At the time of
collection, no distinct Didymo colonies were observed with the naked eye on any rocks at either
site.
For the Raubs Is. site, all 14 experimental rocks were located and removed to the lab.
However, again due to the rising water level (see Figure 3), access at the Masons Is. site was
constrained and only a limited number of the original rocks could be accessed and collected. In
total, 4 of the original 6 transplant rocks originally from Raubs Is. were located and collected.
Only 1 of the original 8 control rocks from Masons Is. could be located and collected. To
compensate for this low rate of capture for the Masons Is. control rocks, 5 additional background
rocks were collected from similar depths and flows at the Masons Is. site (i.e., analogous to
unhandled and unmanipulated “control” rocks). Each located rock was transferred along with its
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labeled tile to a large cooler containing sufficient water to completely submerge the rock, and the
coolers were transported back for immediate examination at DRBC’s laboratory.
In the lab, each collected rock was first carefully examined (15 minutes or more) for Didymo
colonies under a dissecting microscope at a magnification of 20x or greater. Any identified
Didymo colony was transferred to a microscope slide and confirmed as D.geminata using a
compound microscope at 100x to 200x magnification. For all rocks, 2 or 3 additional
microscope slides were prepared from targeted scrapes of the biofilms on each rock. For each
slide, between 3 and 5 distinct patches identified on the rock surface under the dissecting
microscope were scraped and all material transferred to a microscope slide for wet mounting,
with patches selected to span a range of biofilm conditions and algal cover. Each slide was then
examined under a minimum 100x magnification to determine the presence and number of any
D.geminata cells, and the condition of any D.geminata cells was recorded (i.e., living with
colored chloroplasts vs. clear non-living frustule). All lab analyses were completed on May 28th
and May 29ths for the Raubs Is. collections, and May 30th and 31st for the Masons Is. collections.

Water Chemistry Sampling & Analyses
Water chemistry samples were collected on the following dates from the two experimental
sites:





May 3, 2013
May 15, 2013
May 22, 2013
May 29, 2013

In addition, because of the patterns in growth for Didymo colonies (see Phenological Surveys
above), discrete water chemistry samples were also collected upstream at Columbia, NJ (RM
208) and the Bushkill access (RM 228) for the May 29, 2013 water sampling event (see
Appendix A for full results).
Samples for whole-water analyses were collected directly into their sample container
following triple rinse of the sampling container with site water. Sample bottles were inverted
and submerged to approximately mid-depth within the central area of the experimental rock
deployment, at which time the sample bottle was turned upright to allow filling. Acids were
added to the sample bottle following sample collection for the appropriate analytes.
Samples for dissolved parameters were first collected into a 60 mL pre-cleaned syringe
following triple rinse of the syringe with site water. The syringe tip was submerged
approximately 10 cm below the water surface to extract water samples, and the water sample was
then filtered through an unused 0.45 μm filter (PALL® AquaPrep) directly into the lab-cleaned
sample bottle. Small volumes of filtered water were used to triple rinse the sample bottles, as
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well, prior to sample collection. Acids were added to the sample bottle following sample
collection for the appropriate analytes.
Samples for hardness and metals (including silica) were preserved using nitric acid. Samples
for nitrogen and total phosphorus were preserved using sulfuric acid. All sample bottles were
then stored on wet ice until delivery to the analytical laboratory (New Jersey Department of
Health, Environmental and Chemical Laboratory).
Because of contractual issues, the May 3rd sampling event was limited in parameters
(phosphorus only) and consisted of water samples collected in lab-cleaned sample bottles but
preserved until contract resolution via freezing (for nutrient analyses, work by the Academy of
Natural Sciences of Drexel University has shown stable results under long holding times when
samples were kept frozen; D.J.Velinsky personal communication).
At the time of discrete water collection, temperature and specific conductance were measured
in situ using a YSI 30 sonde. The sensor was deployed at the site of water quality sampling and
allowed to stabilize for 60 seconds or longer before readings were recorded.

B. Results
Didymosphenia geminata Patterns
Initial D.geminata stalked colonies from the Masons Is. site ranged in stalk length between 1
mm and 12 mm, with the median for both transplant and control rocks at 3 mm (Table 1). A
total of 62 distinct colonies were located and measured on the 8 “control” rocks from Masons Is.,
while a total of 53 distinct colonies were located and measured on the 8 “transplant” rocks taken
from Masons Is. and transplanted to the Raubs Is. site. The distributions of the colonies were
nearly identical, although the control rocks transplanted at Masons Is. contained a few colonies
that were substantially longer in stalk length (up to 12 mm).
As mentioned in the Methods above, by the 22-May-2013 survey date there were no
remaining measurable colonies on any of the control rocks at Masons Is. or the transplant rocks
at Raubs Is.. In addition, scans of unmanipulated rocks from areas around Masons Is. revealed
no rocks containing distinct colonies observable underwater with mask & snorkel. By the 28May-2013 and 30-May-2013 dates when the rocks were collected and transported to the lab, the
lack of any bloom conditions continued and no colonies were discernable without microscopic
examination (see results below). Apparently for 2013, the growth of long-stalk Didymo at
Masons Is. had initiated in early April, developed into a wider and readily observable bloom by
April 25th, and had persisted at least through May 5th. However, this growth of distinct Didymo
colonies had ended throughout the Masons Is. site by May 22nd, and the colonies transplanted
downstream in the higher-nutrient waters at Raubs Is. had likewise failed to persist though the
May 22nd survey date and through the end of the experiment on May 28th.
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Microscopic examination of rocks at the end of the experiment (May 28th and May 30th)
revealed continued persistence of living D.geminata individuals, with a few stalked colonies
observable only under magnification (Table 2). Although live D.geminata were observed under
magnification for the Raubs Is. rocks downstream (and multiple clear D.geminata frustules were
also observed), only 1 of the 14 rocks at the Raubs Is. site was found to contain any living
D.geminata cells on 28-May-2013. Upstream in the lower-nutrient waters at Masons Is., a
greater rate of live D.geminata collection occurred on the final date (30-May-2013), with 4 of the
6 “control” rocks and 3 of the 4 “transplant” rocks found with living D.geminata cells. In
addition, although rare and difficult to discover on the surfaces of the rocks because of their
small size and weak stalk growth, 1 of the 6 “control” rocks and 1 of the 4 “transplant” rocks
collected at the end of the experiment from Masons Is. contained stalked D.geminata colonies.
[recall from the Methods above that 5 of the 6 “control” rocks collected from Masons Is. at the
end of the experiment were background rocks unmanipulated and not undergoing any handling
during the experiment]

Water Quality Patterns
Water chemistry analyses confirmed the results from prior DRBC studies and showed
elevated nutrient conditions at the Raubs Is. site below the Lehigh River confluence compared to
the upstream site at Masons Is.. For the 4 phosphorus parameters, downstream concentrations at
Raubs Is. were typically 2x to 4x the concentrations observed upstream at Masons Is. (Table 3,
Figure 5). The magnitudes of the concentrations are important to highlight, with soluble reactive
phosphorus (SRP, also called DRP: Dissolved Reactive Phosphorus, or dissolved
orthophosphate) starting below 10 μg/L upstream at Masons Is. on May 5th, but increasing to
between 15 and 30 μg/L for the latter three surveys. It was not clear whether phosphorus
concentrations were related to discharge in the river, with highest phosphorus concentrations
occurring during the lower flows on May 22nd and lower concentrations occurring during both
the receding flows on May 3rd and the near-peak flows on May 15th; the small number of samples
collected during a period of sizable discharge fluctuations permits little insight into the causes of
the phosphorus variations.
Nitrogen concentrations were likewise elevated at the downstream Raubs Is. site, with the
primary increase in total nitrogen stemming from a sharp increase (3x) in nitrate + nitrite (Table
4). Iron concentrations (both total and dissolved), however, were similar above vs below the
Lehigh River confluence, indicating little change in the iron loading rates and forms from the
Lehigh watershed (Table 5). Finally, a number of indicators of broader water chemistry
indicated similar proportional (1.3x to 1.7x) increases from Masons Is. down to Raubs Is. (Table
6), although these proportional increases are substantially lower than the increases seen in both
nitrogen and phosphorus. The only exception in Table 6 is that Dissolved Organic Carbon
(DOC) falls slightly, rather than increasing, at the downstream Raubs Is. site.
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C. Discussion
This experiment sought to answer two primary questions about the blooms of Didymosphenia
geminata within the Delaware River:
i. Can elongation of stalks be induced by transferring D.geminata colonies from highphosphorus to low-phosphorus sites, or suppressed by transferring long-stalk colonies
to high-phosphorus sites?
ii. What are the phosphorus thresholds, or the range of phosphorus conditions, wherein
D.geminata forms elongated stalks?
Unfortunately, the experimental transplant of Didymo rocks in May 2013 was largely
unsuccessful in answering either of these questions because of a change in the overall phenology
of the 2013 bloom compared to the 2012 bloom. To begin with, short-stalked D.geminata
colonies had not formed by the beginning of the experiment in early May, unlike the conditions
seen in spring 2012 where such short-stalk colonies were a dominant component of the biofilms
at all sites examined below the Lehigh confluence. As a result, the inducement of elongated
stalks could not be experimentally tested since no short-stalk colonies could be found for
experimental transplants.
The reverse situation, where suppression of stalk formation might be possible under higher
nutrient regimes, was still a viable objective at the beginning of the experiment. By late April
2013, visible Didymo colonies had become common at the upstream Masons Is. site (and other
sites above the Lehigh River), providing adequate source material for the transplant experiment
wherein long-stalk colonies could be transferred to a high-phosphorus site below the Lehigh
confluence. The phenology of the 2013 Didymo blooms, however, again thwarted these
experimental efforts. Specifically, all long-stalked Didymo colonies regressed and became
indistinguishable (without magnification) from the general algal biofilms at both the upstream
and downstream sites, including on rocks at the upstream Masons Is. site which were not
manipulated in this experiment. Thus, although the long-stalk colonies transplanted from
Masons Is. to the high-phosphorus conditions at Raubs Is. did indeed either halt their growth,
become detached, or shift away from stalk production, such a pattern was observed at both the
high-phosphorus Raubs Is. transplant site as well as the low-phosphorus Masons Is. control site.
The regression or detachment of stalks therefore occurred at both experimental sites regardless of
phosphorus conditions. It is important to note that the final microscopic examination of rocks at
the end of the experiment confirmed the presence of live D.geminata on the majority of rocks at
the upstream Masons Is. site and less commonly at the downstream Raubs Is. site, thus providing
source organisms that could have produced stalks should conditions have been suitable.
Finally, it order to experimentally identify thresholds for stalk formation or ranges of
phosphorus conditions under which problematic stalk production occurs, this experiment would
have needed to demonstrate such elongated stalk production under one of the treatment
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conditions. Again, however, the overall cessation or regression of the Didymo bloom through
the month of May prevented the isolation and identification of the conditions under which
elongated stalks dominate the morphology of D.geminata.
Yet the water chemistry results, when paired with observation at both the experimental sites
and additional sites further upstream, did show that long-stalk development or persistence was
associated with lower soluble reactive phosphorus (aka, DRP or dissolved orthophosphate).
First, long-stalk development was documented in late April and early May at the Columbia, NJ,
and Masons Is. sites, and the only SRP measurement below 10 μg/L at either of these sites
occurred on May 3rd, 2013 (Table 3 and Appendix A). Second, the patterns of Didymo
persistence versus attenuation in late May also corresponded with an SRP (aka, DRP or
dissolved orthophosphate) gradient that spanned 10 μg/L. Specifically, the upstream Bushkill
access (RM 228 in the Middle Delaware), where Didymo colonies remained strong on May 24th,
had SRP at 7.38 μg/L on May 29th, while the downstream Columbia, NJ, site (RM 208 at the
upper end of the Lower Delaware), where visible Didymo colonies were not observed by the
May 24th survey, had SRP at 12.9 μg/L on May 29th.
Clearly such an association of Didymo growth with such soluble reactive phosphorus (aka,
DRP or dissolved orthophosphate) concentrations is far from conclusive. For instance, at least
two confounding interpretations of the May 2013 phenology are also possible. First, temperature
continued to increase through May and exceeded 20°C on the 22-May-2013 survey (see Table
6), which corresponded to the date when we failed to observe any distinct Didymo colonies at
either site. Because D.geminata is characterized as a low-nutrient, cold-water diatom, such
increases in temperature through May provide as plausible an explanation for the regression of
the Didymo bloom as the increases in phosphorus concentrations. A second alternative
explanation is that the increase in discharge in the middle of May could have detached stalked
colonies throughout both sites and re-set the overall development of the Didymo bloom. Such an
alternative explanation seems less viable, however, since conditions in mid-May were modest in
terms of discharge and flow velocities, only achieving conditions analogous to late April when
long-stalk colonies were common and still forming, and substantially lower than the conditions
between the early April and late April surveys when we observed continued development and
spread of long-stalked Didymo colonies at multiple sites above the Lehigh River confluence (see
Figure 3). Nevertheless, an association between low SRP and stronger Didymo growth was
observed, and a threshold near 10 μg/L could be tested in future studies
The May 2013 experiment therefore provides little conclusive evidence of the causes of longstalk formation and only weak suggestions of the phosphorus regimes that may be suitable for
the elongated stalk development. The poor development of the 2013 Didymo bloom and the
subsequent cessation of long-stalk colonies by late May 2013 simply did not provide suitable
conditions for a rigorous test of this study’s objectives. Continued observation of Didymo
blooms in the Delaware River, preferably with accompanying phosphorus measurements, will
help to evaluate the role and the thresholds for phosphorus-induced problematic stalk formation.
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IV. Conclusions
The combination of observational surveys, experimental rock transplants, and detailed water
chemistry measurements yields a number of insights into stalked diatom blooms for the Lower
Delaware River, but continues to highlight many areas of uncertainty. Blooms of
Didymosphenia geminata do not appear to persist throughout the year in the Lower Delaware,
although other stalked diatoms can bloom during the coldest periods with the lowest ambient
light conditions. In addition, the Lower Delaware appears to be the tail end of the longitudinal
bloom that originates upstream, possibly from stable sources in the tailwater zones below the
large reservoirs on the East Branch and West Branch Delaware River. Indeed, it would be worth
investigating the phenology of stalked Didymo growth in these tailwater zones. But the
occurrence of stalked diatom blooms not just from D.geminata but from Gomphoneis and
Cymbella mexicana (and perhaps others), as well, continues to highlight the uncertainty about
the ecological role of stalked diatom blooms in these fluvial ecosystems.

Causes of Didymo Blooms
Excessive stalk development in D.geminata has been definitively linked to extremely low
dissolved phosphorus concentrations (when combined with sufficient light) on South Island,
New Zealand (Bothwell and Kilroy 2011, Kilroy and Bothwell 2011, Kilroy and Bothwell 2012).
Clearly, the role of phosphorus must not be underestimated for the Delaware River blooms of
D.geminata. Yet the 2 μg/L threshold documented in New Zealand is a soluble reactive
phosphorus (aka, DRP or dissolved orthophosphate) concentration not typically observed at any
mainstem Delaware River locations (see summary at the beginning of Transplant Experiment
section). The contrasting patterns of heavy growths of long-stalk Didymo at some sites but
either short-stalk growths or sparse growth at other sites either indicates other causal
mechanisms are involved or a different phosphorus threshold is at work in the Delaware River.
In this river system, observations in 2013 show long-stalk growth of D.geminata more
commonly when SRP (aka, DRP or dissolved orthophosphate) was below 10 μg/L, a pattern
which needs further evaluation.
For the Delaware River, however, the variations in phosphorus concentrations may not
completely, or may not alone, drive the dynamics of Didymo blooms. Light levels have also
been shown to be important for initiating long-stalk formation (Bothwell and Kilroy 2011, James
2011, Kilroy and Bothwell 2011), which may explain the lack of D.geminata during our surveys
from November 2012 through March 2013. Temperature could also play an important role in
both the physiology for D.geminata as well as its competitive interactions with other members of
the biofilm. It is worth noting that the heavier bloom during 2012 coincided with not just low
water levels but unusually warm water temperatures, as well (see USGS summaries for stations
in the Upper Delaware [01428500] and Lower Delaware [01463500]; waterdata.usgs.gov). The
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lower water levels for March of 2012 may also have led to decreased disturbance of nascent
Didymo colonies, thus facilitating bloom formation (see Figure 6). The combination of stable
flows and low hydraulic disturbance, the warmer temperatures, and the possible decrease in
dissolved orthophosphate due to increased dominance by baseflow may have been necessary to
stimulate the extraordinary bloom seen in March and April 2012.
The role of upstream refuges or colonization pools may likewise be important for Didymo
dynamics in the Delaware River. The recent literature has debated the role of hypolimnetic
release reservoirs and their tailwaters in the recent blooms of Didymo, particularly in North
America (e.g., Kirkwood et al. 2009). The 2007 discovery of Didymo blooms in the Delaware
River likewise emphasized the strength of Didymo immediately below at least one of the large
dams on the main Delaware River branches (Tim Daley personal communication). Given the
eastern temperate climate of the Delaware Basin, the high humidity and warm summer
temperatures typically restrict cold-water conditions to either headwater streams, spring-fed
streams, or artificial tailwater zones below reservoirs. The presence of large cold-water release
reservoirs on both the West Branch and the East Branch (where stable cold-water flows may
harbor year-round Didymo populations) could therefore facilitate recolonization of the mainstem
Delaware River by D.geminata each year when suitable light, nutrient, and/or competitive
conditions permit. The longitudinal gradient in Didymo development for 2013 would be
consistent with this idea, where more vigorous growth of Didymo was observed further upstream
and closer to the reservoir tailwater zones. And yet there are subtle increases in phosphorus
concentrations along this longitudinal gradient (see summary at the beginning of the Transplant
Experiment section), confounding any interpretation of this pattern. Clearly, further research
would be needed to understand the role of these tailwater zones in the overall population
dynamics of D.geminata within the Delaware River.
Finally, the experimental rock transplants conducted within this study were intended to help
identify some of the causes of long-stalk formation. The weak bloom conditions and the
cessation of long-stalk Didymo through the Lower Delaware by the end of the experiment,
however, precluded any clear associations between long-stalk development and the experimental
treatments of this study. As a result, all of the causes discussed above remain as legitimate
potential candidates for the dynamics of Didymo blooms in the Delaware River, either acting
alone or in concert. This study assists by providing detailed information on the phenology of the
blooms within the Delaware River, but does not definitively isolate or eliminate any of the
candidates.

Ecological Role of Stalked Diatoms
A number of studies document shifts in the composition of benthic invertebrates during
heavy D.geminata blooms (Kilroy et al. 2009, Gillis and Chalifour 2010, James et al. 2010,
Taylor 2013). For areas where D.geminata and other stalked diatoms persist for extended
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periods of time, similar shifts may be a reasonable expectation for such areas of the Delaware
River. For areas of the Delaware where D.geminata and other stalked diatoms persist for shorter
periods of time, however, we expect the invertebrate changes to be relatively minor and shortlived. The changes further up the food web are even less certain in all areas, with relatively few
studies documenting declines in trout populations and similar fishes.
Didymosphenia geminata is also just one among a number of stalked diatoms currently
occurring in the Delaware River. The stalked diatoms Gomphoneis and Cymbella mexicana, like
D.geminata, have been documented to bloom within parts of the Delaware River, producing
benthic mats of stalk material that can dominate a given site. High biomass of stalked diatoms
may therefore be a regular component of the periphyton dynamics in the Delaware River, and not
unique to the D.geminata blooms documented since 2007. If so, and if such stalked diatom
blooms have occurred historically, then the current community of algae, invertebrates, fish, and
others may actually reflect the influence and consequences of such stalked diatoms. The recent
blooms of D.geminata, whether caused by a recent introduction or a change in environmental
stimulus, would likely have minimal ecological consequences for a river community accustomed
to similar stalked diatom blooms.
We must acknowledge, however, that blooms of stalked diatoms (D.geminata and others)
have only been documented recently in the Delaware River. As Max Bothwell and Brad Taylor
highlighted at the 2013 Didymo conference in Rhode Island, the increasing number of Didymo
blooms could be explained by broad-scale changes in environmental conditions or stimuli.
Should the recent blooms of Didymo in the Delaware be part of such a regional or global
phenomenon, the formation of extensive mats of other stalked diatoms (e.g, Gomphoneis,
C.mexicana) could likewise be a recent response to these same stimuli. Ecologically, then, the
formation of stalked diatoms blooms could be a new phenomenon leading to changes throughout
the river ecosystem that are unprecedented. And yet the lack of consistent historical data
precludes an accurate assessment of the novelty and likely consequences from the recent blooms
of stalked diatoms.

Future Work in the Delaware Basin
Regardless of whether the recent blooms of D.geminata in the Delaware River are the result
of a new introduction of an invasive species or the result of an environmental stimulus leading to
a novel response of a native species, there is considerable concern about the ecological effects
from these large stalked diatoms blooms. Given the results from other parts of North America
and the world, continued observation and study in the Delaware River remains warranted. In
particular, our work highlights the need for additional work in a number of areas:


Phenology – The Lower Delaware monitoring suggests a narrow window in spring for
D.geminata blooms below the Delaware Watergap, and a mid-winter
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window for blooms of Gomphoneis during 2012-2013. Identifying the
timing of blooms for both D.geminata and other stalked diatoms within all
sections of the Delaware River would help to both understand the causes
of stalked diatom formation throughout the system as well as the possible
ecological impacts from these stalked diatoms. The dynamics in the cold
tailwaters below the East Branch and West Branch reservoirs may be
particularly important as these areas may serve as source populations for
re-colonization of the Delaware River each year.
Phosphorus – The role of phosphorus in stimulating long-stalk formation and extensive
mats of stalk material for D.geminata needs continued study. It is possible
that, like New Zealand, soluble reactive phosphorus (aka, DRP or
dissolved orthophosphate) concentrations below 2 μg/L are needed to
reduce cell division rates and increase stalk formation. The initial data
from this study also highlights the possibility that different phosphorus
thresholds may stimulate stalk production in the Delaware River, perhaps
as high as 10 μg/L SRP. Paired measurement of SRP and D.geminata
coverage would help to identify suitable ranges. Further experimental
work would also be crucial to isolate the effect of phosphorus alone and
the thresholds for stalk formation.
Observation – The rapid spread of D.geminata within South Island, New Zealand, and the
extraordinary stalk production in rivers of New Zealand, has brought
greater attention to the role of stalked diatoms in the ecology of rivers and
streams. Our observations of periphyton communities throughout the
year, including the use of whole-rock collection and observation under
low-power magnification, have increased our own understanding of the
complexity of the biofilm dynamics and the way that D.geminata blooms
are similar to other stalked diatom mats. We recommend similar lowintensity efforts to monitor biofilms and the occurrence of D.geminata and
other stalked diatoms in rivers and streams. Such efforts will build a
baseline for putting any current or future blooms in a broader and more
complete ecological context.
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Table 1. Distribution of D.geminata Colony Stalk Lengths for Control and
Transplant Treatments from Original Masons Island Rocks at the
Beginning of the Experiment

minimum

measured
colony
stalk
lengths

25th percentile
median
75th percentile
maximum

# of measured colonies (n)

Control
1 mm

Transplant
1 mm

2 mm
3 mm
3 mm

2 mm
3 mm
4 mm

12 mm

5 mm

62

53

Table 2. D.geminata Conditions on Rocks at End of Experiment

Site of Origin
Masons Is.**

Site during
Experiment
Masons Is.**

# of Rocks
Examined
6

# of Rocks with
Live Didymo
4

# of Rocks with
Stalked Didymo
Colonies
1

Raubs Is.
Masons Is.
Raubs Is.

Masons Is.
Raubs Is.
Raubs Is.

4
8
6

3
1
0

1
0
0

** - only 1 of the 6 “control” rocks measured from Masons Is. was an original experimental rock; the other
5 rocks were background rocks from Masons Is. which experienced Masons Is. conditions throughout the
experiment but which did not undergo any manipulations or handling
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Table 3. Results of Phosphorus Analyses (all results in μg/L as P).
Upstream
Masons Is. Site (RM 194)
Date

TP

TDP

TRP

Downstream
Raubs Is. Site (RM 178)

SRP

TP

TDP

TRP

SRP

3-May-13

24.4

16.0

10.1

7.9

84.0

73.6

82.0

64.8

15-May-13

34.2

25.2

14.0

16.2

74.4

66.9

53.9

53.8

22-May-13

42.1

29.3

25.3

27.3

101.0

91.6

81.7

81.9

29-May-13

36.8

26.2

16.1

14.6

86.2

71.0

64.2

65.7

TP: Total Phosphorus
TDP: Total Dissolved Phosphorus

TRP: Total Reactive Phosphorus (aka, total orthophosphate)
SRP: Soluble Reactive Phosphorus (aka, diss. orthophosphate)

Table 4. Results of Nitrogen Analyses (all results in mg/L as N; TN
calculated as sum of NO3+NO2 and TKN).

Date
3-May-13
15-May-13
22-May-13
29-May-13

Upstream
Masons Is. Site
(RM 194)
NO3 +
NO2
TKN
TN
(na)
(na)
(na)
0.302 0.229
0.531
0.328 0.206
0.534
0.310 0.259
0.569

Downstream
Raubs Is. Site
(RM 178)
NO3 +
NO2
TKN
TN
(na)
(na)
(n)a
0.900
0.306 1.206
1.140
0.262 1.402
0.960
0.306 1.266

(na): not analyzed

Table 5. Results of Iron Analyses (all results in μg/L).

Date
3-May-13
15-May-13
22-May-13
29-May-13

Upstream
Masons Is. Site
(RM 194)
Total
Dissolved
Iron
Iron
(na)
(na)
163
(na)
125
57
240
66
(na): not analyzed
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Downstream
Raubs Is. Site
(RM 178)
Total
Dissolved
Iron
Iron
(na)
(na)
152
(na)
123
46
244
60

Table 6. Additional Physical & Chemical Water Quality Parameters (Sp.Cond:
Specific Conductance; Hard: Hardness; Alk: Alkalinity; DOC: Dissoved
Organic Carbon)
Upstream
Masons Is. Site (RM 194)
Date

Downstream
Raubs Is. Site (RM 178)

Water
Temp.

Sp.
Cond.

Ca

Hard.

Alk.

Silica

DOC

Water
Temp.

Sp.
Cond.

Ca

Hard.

Alk.

Silica

DOC

(° C)

(μS/cm)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(° C)

(μS/cm)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(na)

(na)

(na)

(na)

14.5*

190*

(na)

(na)

(na)

(na)

(na)

3-May-13

16.6

131

(na)

15-May-13

15.3

119

10.0

35

32

2.71

3.36

15.7

174

14.4

56

50

3.56

3.04

22-May-13

21.9

135

11.3

41

35

2.28

2.87

21.6

212

17.1

67

49

3.89

2.75

29-May-13

17.2

127

10.4

37

40

2.89

3.33

17.4

193

15.8

61

54

4.37

3.10

(na): not analyzed
* - Water Temperature and Spec. Conductance were measured on
2-May-2013 at the Raubs Is. site during experimental set-up

31

Figure 2. USGS Plot of River Discharge at Belvidere, NJ (RM 198) near the
Upstream Masons Is. Site (dates for phonological surveys of D.geminata
and other stalked diatoms highlighted with red circles).
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Figure 3. USGS Plot of River Discharge at Belvidere, NJ (RM 198) near the
Upstream Masons Is. Site (dates when water chemistry samples
collected highlighted with red circles).
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Figure 4. USGS Plot of River Discharge at Trenton, NJ (RM 134) which is roughly
indicative of the Downstream Raubs Is. Site (dates when water chemistry
samples collected highlighted with red circles).
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Figure 5. Results of Phosphorus Analyses at the Masons Is. Site upstream of the
Lehigh River (solid lines) and the Raubs Is. Site downstream of the Lehigh
River (dotted lines)

100

TRP

+ TDP

SRP

20

40

60

80

x TP

TRP: Total Reactive Phosphorus (total orthophosphate)
SRP: Soluble Reactive Phosphorus (diss. orthophoP)

0

Phosphorus Concentrations (μg/L)

120

TP: Total Phosphorus
TDP: Total Dissolved Phosphorus

5/3

5/15

Sampling Dates - 2013
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5/22

5/29

Figure 6. USGS Plot of River Discharge at Belvidere, NJ (RM 198) near the
Upstream Masons Is. Site for the winter and spring of 2012 when the
extensive bloom of Didymo was discovered in the Upper, Middle, and
Lower Delaware River .
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Photo 1.

Short-stalked D.geminata in the higher-phosphorus waters below the Lehigh River
(Raubs Is. site, RM 178; May 5, 2012; 18x magnification; photo by E.L. Silldorff)
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Photo 2.

Experimental rock transplanted from Masons Is. (RM 194) downstream to Raubs Is.
(RM 178) on 1-May-2013. Photo shows a mixture of periphyton growth and
invertebrate retreats, including initial colonies of D.geminata (darker brown patches)
and the sewing gauge used to measure stalk length in the field (transplant rock #6;
2-May-2013 photo by E.L. Silldorff)
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Photo 3XX. Patch of the stalked diatom, Gomphoneis sp., on January 11, 2013, at the Masons Is.
site (photo by E.L. Silldorff)
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Photo 4XX. Broader view of the bloom of Gomphoneis sp., on January 11, 2013, at the Masons
Is. site (photo by E.L. Silldorff)
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Appendix A. Full compilation of water chemistry results for all stations & all dates
during May 2013 Didymosphenia geminata experiment and surveys

Appendix A. Full compilation of water chemistry results for all stations & all dates during May 2013 Didymosphenia
geminata experiment and surveys
Water
Temp.

Sp.
Cond.

TP

TDP

TRP

SRP

NO3 +
NO2

TKN

Total
Iron

Diss.
Iron

Ca

Hard.

Alk.

Silica

DOC

(μg/L)

(μg/L)

(μg/L)

(μg/L)

(mg/L)

(mg/L)

(μg/L)

(μg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

73.6
66.9
91.6
71.0

82.0
53.9
81.7
64.2

64.8
53.8
81.9
65.7

0.900
1.140
0.960

0.306
0.262
0.306

152
123
244

46.0
59.8

14.4
17.1
15.8

55.7
67.4
61.3

50
49
54

3.56
3.89
4.37

3.04
2.75
3.1

16.0
25.2
29.3
26.2

10.1
14.0
25.3
16.1

7.9
16.2
27.3
14.6

0.302
0.328
0.31

0.229
0.206
0.259

163
125
240

56.8
66

9.95
11.3
10.4

35
40.5
37

32
35
40

2.71
2.28
2.89

3.36
2.87
3.33

0.231

0.257

168

57.4

6.54

21.7

15

2.47

2.95

Site

River
Mile

Date

Raubs Is
Raubs Is
Raubs Is
Raubs Is

178
178
178
178

3-May-13
15-May-13
22-May-13
29-May-13

14.5
15.7
21.6
17.4

190
174
212
193

84.0
74.4
101.0
86.2

Masons Is.
Masons Is.
Masons Is.
Masons Is.

194
194
194
194

3-May-13
15-May-13
22-May-13
29-May-13

16.6
15.3
21.9
17.2

131
119
135
127

24.4
34.2
42.1
36.8

Columbia, NJ

208

29-May-13

18.2

109

Bushkill
Access, PA

228

29-May-13

16.3

88

(° C)

(μS/cm)

18.9
25

18.9

12.9
6.64

7.4

TP: Total Phosphorus
TDP: Total Dissolved Phosphorus
TRP: Total Reactive Phosphorus (total orthophosphate)
SRP: Soluble Reactive Phosphorus (diss. orthophosphate)

Hard: Hardness
Alk: Alkalinity
DOC: Dissolved Organic Carbon
Sp.Cond.: Specific Conductance

